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ANALYSIS  DP  PLDW  ABOUT  AXIALLY  SYNHETRICAL  BODIES  AND  LIFT  NING 
PROFILES  BY  TRANSONIC  PLOW  OF  GAS. 

A.  S.  Fonarev. 

Pa  ge  1 . 

Is  exaained  the  problea  of  the  flow  around  axially  syaaetrical 
bodies  and  lift  wing  profiles  by  transonic  flow  of  qas,  nuaerical 
solutions  are  cacciei  out  with  the  use  of  Godunov*s  finite-difference 
aethod.  Are  given  the  results  of  the  flcw-field  analysis  of  the 
axially  syaaetrical  bodies  of  soae  classes  (cylindrical  body  with 
spherical  blunting,  the  flat/plane  end/face  of  cylinder) , and  also  of 
two  a irfoi 1/prof i 1 es  (NACA  64A-4I0  and  spade-shaped)  at  angles  of 
attack  in  the  range  of  nuabers  0.7  -1,3. 

The  application/use  of  nuaerical  aethods  of  estab lishaent  to  the 
problea  of  the  flow  around  Krylov  of  airfoil/profiles  and  axially 
syaaetrical  bodies  by  transonic  flow  of  gas  aade  it  possible  to  solve 
soae  probleas  in  this  region.  In  works  [1]  and  (2]  with  the  use  of 
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aodif ication  of  tue  finite-difference  diagram  of  Babenko, 
Voskresenskiy,  Lyubiiov  and  Rusanov  are  solved  the  problea  of  the 
flow  around  the  pointed  symmetrical  airfoil/profile,  comprised  of  the 
circular  arcs  (at  zero  angle  of  attack),  and  of  the  axisyaaetric  flow 
around  bodies  of  the  type  of  sphere  and  ellipsoid.  Works  [ 3-5]  by 
Godunov's  aethod,  examines  the  problem  of  diffracting  the  shock  wave 
on  symmetrical  airfoil/profile,  sphere  and  cylinder  mith  the 
subsequent  establishment  of  stationary  transonic  flow.  For  the 
solution  of  the  problems  of  transonic  flow,  successfully  mere 
utilized  other  numerical  methods  - aethod  of  large  particles  and 
different  modifications  of  Lakh  - Vendrova's  aethod  f 6-8  ].  In  work 
[9]  with  the  use  of  Lakh  - Vendrova's  method,  was  for  the  first  time 
solved  the  problem  of  the  flow  around  curved  profile  at  angle  of 
attack.  Together  with  the  methods  of  establishment,  recently  began 
intensely  to  be  iaveloped  the  iterative  methods  of  calculation  of  the 
steady  flow  of  transonic  airfoil/profile  within  the  framework  of  the 
potential  theory  of  slight  disturbances  [10,  11). 

Is  examined  below  the  problea  of  the  flow  around  axially 
symmetrical  bodies  and  of  carrying  winq  profile  (at  angle  of  attack) 
by  transonic  flow  of  qas,  numerical  solutions  are  carried  out  by 
Godunov's  f inite- d if f erence  method. 


Page  2 
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As  an  example  ara  given  the  results  of  the  flow-field  analyses  of  the 
axially  symmetrical  bodies  of  soae  classes  - cylindrical  body  with 
spherical  blunting,  the  flat/plane  end/face  of  cylinder,  and  also  two 
airfoil/profiles  - NACA  64A-410  and  pointed  - at  angle  of  attach  in 
the  range  of  numbers  m — 0,7-i-  1.3. 

Formulation  of  the  problea.  The  soluticn  of  the  stationary 
problea  of  flow  let  us  obtain  as  aaxiaua  frca  following  unsteady 
task.  Let  at  zero  tiae  the  aotionless  body  begin  suddenly  to  travel 
at  constant  speed,  which  corresponds  to  assigned/prescribed  number 
M The  beginning  of  rectangular  coordinate  system  xy  let  us  place 
into  tha  leading  adge/nose  of  the  body  in  quest  ion, x -ax  is  it  is 
directed  along  tha  axis  of  the  symmetry  of  tody  or  along  airfoil 
chord.  Let  us  exaaine  the  flat/plane  or  axisyaaetric  case  of  the  flow 
around  body  of  tha  inviscid  non-heat-conducting  ideal  gas  with 
adiabatic  index  y = 1.4,  relative  to  the  fora  of  the  duct/contour  of 
body  of  no  limitations  make  let  us. 

In  unsteady  flow  and  the  aaxinua  steady  flow,  are  present  shock 
waves;  therefore  let  us  proceed  froa  integral  laws  of  conservation 
for  the  unsteady  aquations  of  Euler  [12],  As  boundary  conditions  let 

«•  assign  on  body  sarfaco  the  noraal  conditions  of  the  aoppassaqe: 

Mot  do* cos  a,  v =*  M*  d ,,  sin  a. 


p~p,  p — pj,  . u 
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noraal  to  the  surface  of  the  body  coaponent  of  vector  of  speed  is 
equal  to  zero.  At  zero  tiae  (since  aotion  begins  suddenly)  in  all 
incident  to  airfoil/profile  flow  of  gas,  the  paraaeters  are  constant: 

Here  p - pressure,  p - density,  u,  v - coapcnent  of  vector  of  the 
speed  in  lirection  of  x and  y axes  respectively,  a - the  speed  of 
sound,  a - the  angle  of  attack  of  airfoil/profile  (for  axially 
syaaetrical  bodies  is  exaained  the  case  a = 0);  index  corresponds 

to  the  paraaeters  of  the  incident  flow. 

As  characteristic  linear  dimension  /„  let  us  accept  in  the 
flat/plane  case  airfoil  chord,  in  azisyaastric  - a radius  of  the 
cross  section  of  the  cylindrical  part  of  the  body.  The  given  below 
nuaerical  results  are  given  in  a diaension less  fora,  as  p„, 
characteristic  values  are  accepted  the  paraaeters  of  undisturbed  flow 
?»  and  the  reference  length 

Method  of  nuaerical  calculation.  The  flow  around  bodies  of 
transonic  flow  is  charact er ized  by  the  presence  of  the  local 
supersonic  zones,  which  are  closed,  as  a rule,  by  shock  waves.  In 
this  case,  the  position  of  the  sonic  line  and  shock  wave,  which 
divide  subsonic  and  supersonic  areas,  are  previously  unknown.  Let  us 
use  in  connection  with  this  S.  K.  Godunov's  finite-difference  aethod 
[12],  that  makes  it  possible  singly  to  exaaine  the  subsonic. 
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supersonic  and  nixed  unsteady  flows  without  the  special 
isolation/liberation  of  nonremovable  discontinuities;  an  experiment 
in  calculation  [1-5]  already  demonstrated  its  effectiveness  in 
connection  with  tie  solution  of  this  type  of  tasks. 

Since  no  limitations  on  the  form  of  flat/plane  or  axially 
symmetrical  body  are  superimposed,  then  for  the  solution  of  problem 
must  be  utilized  the  calculated  grid,  versatile  to  the  various  forms 
of  bodies.  Here  utilized  the  diverse  types  of  grids.  For  the  simple 
bodies,  described  by  one  significant  dimension,  for  example  sphere, 
cube  and  so  forth,  the  grid  consisted  of  radial  lines  and  concentric 
circumferences,  spares  and  so  forth  (Fig.  U.) . 

Page  J. 

For  the  extended  bodies  of  the  type  of  airfoil/profile  (during  small 
changes  in  the  angle  of  the  slope  of  body)  one  the  family  of  the 
lines  of  grid  consisted  of  parallel  vertical  lines,  the  second  family 
repeated  as  before  the  form  of  duct/contour  (Fig.  1b).  And  finally 
for  the  bodies  of  more  intricate  shape  grid  could  be  that  combined 
(Fig.  1c).  As  a rule,  the  value  of  the  transverse  pitch  of  calculated 
grid  during  removal/distance  from  body  it  increases  (according  to  the 
law  of  geometric  progression),  which  makes  it  possible  last/latter 
line  (the  outer  edge  of  field)  to  arrange  sufficiently  far  from  body. 
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in  the  region  of  the  virtually  undisturbed  floe  so  that  during  the 
solution  of  problea  on  it  it  would  be  possible  to  assign  either  the 
conditions  of  tha  undisturbed  flow  or  equality  zero  gradients  of  all 
parameters  of  gas  in  direction  froa  body  a lcng  the  lines  of  first 
family  [3  ]. 

The  finite-difference  calculation  procedure  is  constructed 
analogously  given  in  wort  [ 12];  the  calculation  of  the  parameters  of 
the  decomposition  of  discontinuity /interruption  is  performed  either 
on  precise  iterative  relationship/ratios  [ 13],  or  on  those 
linearized,  depending  on  the  value  of  the  gradients  of  the 
corresponding  functions,  in  this  case  the  type  of  calculation  is 
selected  by  EVM  ^ ;gBM  “ computer]  automatically. 

Plow  around  axially  symmetrical  bodies.  Numerical  solution  was 
carried  out  for  two  types  of  the  finite  bodies:  cylinder  with 
spherical  blunting  with  a radius  of  1 (length  of  the  cylindrical  part 
L = 3)  and  the  eni/face  of  cylinder  with  flat  (length  of  the 
cylindrical  part  L = 4).  The  rear  portion  of  both  bodies  represents 
by  itself  flat.  Are  examined  three  conditions/modes  of  tha  flow; 

Mo,  — OS,  1,0;  1.3. 

Pig.  2a,  b,  shows  the  lines  of  equal  values  of  pressure  about 
the  bodies  in  question  (it  is  illustrated  only  the  case  whmn  M*  — ’ i). 
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Pressure  is  referred  to  the  static  pressure  the  undisturbed  flow.  One 
can  see  wall,  as  proceeds  the  acceleration/dispersal  of  flow  from 
stagnant  conditions  at  critical  point  before  the  formation  of 
supersonic  region  (the  sonic  line  of  designation  by  dotted  line)  with 
the  emergence  of  shock  wave.,  in  the  case  of  the  flow  around  the 
end/face  of  cylinder,  the  abrupt  deceleraticn  of  a flow  (of  type  of 
juap)  occurs  immediately  after  expansion  at  point  of  inflection, 
further  braking  of  flow  occurs  sufficiently  saoothly  (this  one  can 
see  well  in  Fig.  h)  . 

In  all  examined  cases  in  the  rear  portion  of  the  bodies  after 
section/shear,  is  formed  the  region  of  recurrent  flow.  The  typical 
pattern  of  lines  of  current  is  given  to  Pig.  2c  (M*,—  1).  Dot-dash 
line  divides  the  lain  flow  and  the  zone  of  recurrent  flow. 

Let  us  make  several  observations  relative  to  the 
fomation/education  of  the  zones  of  recurrent  flow  during  the 
numerical  solution  of  the  equations  of  Euler. 

These  zones  are  sufficiently  stable  and  appear  independent  of 
the  aethod  of  the  establishaent  of  flow  (for  exanple,  in  the  case  of 
accelerati on/disparsal  with  acceleration,  during  the  diffraction  of 
shock  wave  with  the  subsequent  establishaent  of  flow).  The  zones  of 
recurrent  flow  are  observed  in  the  case  of  applying  other  numerical 
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methods,  for  example  the  Method  of  "large  particles"  [6].  An 
experiment  in  the  calculation  showed  that  they  are  formed  in  the 
supersonic  and  Mixed  flews  (where  there  are  gradients  of  entropy);  in 
purely  subsonic  potential  flow  is  realized  the  nonseparated  flow.  As 
a rule,  the  accuracy/precision  of  parameter  determination  in  the 
zones  of  recurrent  flow  it  is  substantially  lower  than  in  the  main 
flow;  usually  with  the  accuracy/precision  of  solution  in  main  flow 
1-2o/o  in  the  zones  of  recurrent  flow,  the  error  in  the  value  of 
Bernoulli's  constant  reaches  5-10o/o. 

These  zones  ire  qualitatively  similar  to  real  separation  zones 
in  bobtom  regions,  their  value  depends  on  the  flow  parameters.  So, 
for  the  bodies  in  question  it  was  rsveal/detected  that  they  increase 
with  an  increase  in  nunbsr  m.„  Tabls  gives  corrected  values  of 
distance  along  the  axis  x from  bottom  section/shear  to  separation 
point  of  flows  (in  the  portions  of  a radius  of  the  cylindrical  part 
of  the  body).  Prom  these  data  it  follows  that  the  forn  of  the  nose 
section  of  the  bolies  in  question  does  not  in  practice  affect  the 
size/dimensions  of  the  zone  of  recurrent  flow. 

The  f ormat ion/educat ion  of  the  zones  of  recurrent  flow  during 
the  numerical  solution  of  the  equations  of  Euler  represents  by  itself 
the  recently  discovered,  generally  speaking,  paradoxical  phenomenon 
which  usually  lint  with  the  presence  of  artificial,  or  circuit,  the 
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ductility/toughnsss/viscosities  in  f inite-dif ference  diagraas. 


Pig.  .1,  shows  the  distribution  of  the  coefficient  of  pressure 
p ( P p*> ) I .!  i M , pM  *he  front/ lending  and  cylindrical  part  of  the 
body  with  spherical  blunting;  along  the  axis  x#  is  plotted 
longitudinal  coordinate.  Snail  circles  plotted/applied  the 
experinental  data,  obtained  in  TaACl  { U.M  U.,  - Central  Institute  of 
Aerohydrodynaaics  in.  N.  Te  Zhukowakiy. 
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Page  5. 

The  agreement  of  axper iaental  and  theoretical  values  sufficiently 
good,  especially  in  the  forward  section  of  the  body  where  occurs  the 
intense  acceleratL on/dispersal  of  flow  and  appear  large  aerodynamic 
forces.  In  the  shock  region,  closing  supersonic  zone,  is  observed  the 
sufficiently  noticeable  disagreement  of  numerical  and  experimental 
data,  noted  by  the  authors  of  all  numerical  studies  of  the  transonic 
flow  around  bodies.  It  is  caused  by  the  essential  manifestation  of 
the  effect  of  duct ility/toughness/ viscosi t y during  interaction  of 
shock  wave  with  boundary  layer.  In  the  case  of  supersonic  flow 
(Moo^=l.''*)  the  results  of  numerical  calculations  will  agree  well  with 
the  data  of  experiment. 
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Fig.  4,  shows  the  distribution  of  pressure  coefficient  in  the 
duct/contour  of  the  end/face  of  cylinder,  along  the  axis  * - is 
deposit/postponed  the  distance  along  the  duct/contour  of  body.  Curves 
take  the  sufficiently  coaplex  fora.  The  peaks  of  pressure  correspond 
to  salient  points.  Supersonic  region  begins  iaaediately  after 
front/leading  point  of  inflection  after  powerful  flow  expansion 
(expansion  fan  is  well  visible  in  Pig.  2b) . Saall  circles 
plotted/applied  the  experiaental  data,  obtained  in  TsAGI  for  the 
end/face  of  cylinier. 
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Paqe  6. 

Transonic  flow  around  airfoil/profile  *t  anal*  of  attack.  Lot  us 
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exanine  airfoil/pr of i les  fron  the  rounded  t cont/lead ing  and  by 
pointed  trailing  spaces.  Calculated  grid,  retaining  the  in  principle 
basic  features  of  the  axisynnetric  case,  has  peculiarities  associated 
with  the  need  for  the  calculation  both  upper  and  lower  half; 
therefore  let  us  give  its  description. 


Let  us  break  all  the  field  of  calculation  by  vertical  line  on 
two  parts:  region  I (see  Fig.  Id),  adjacent  to  leading  edge/nose  and 
character! zing  by  the  high  values  of  caeber,  and  region  II,  in  which 
the  slope/inclinat ions  forning  of  airfoil/profile  are  saall.  In 
region  I duct/contour  of  the  a irf oi 1/ptof i le  let  us  break  into  k, 
parts  and  let  us  conduct  fron  the  points  of  separation  ray/beans  with 
even  pitch  on  angle  A 9 = w/k,.  After  breaking  the  upper  and  lower 
sides  of  the  reaaining  part  of  the  airfoil/profile  and  certain  axis 
intercept  x of  bohind  a ir f oil/ prof ile  respectively  to  k2 , k,,  k* 
parts,  let  us  buckle  through  dividing  points  vertical  ray/beans.  Let 
us  nunber  then  (first  fanily  of  lines),  beginning  with  the  extrone 
right  ray/bean  n * 0,  going  down  along  the  axis  x,  going  around 
airfoil/profile  clockwise,  to  the  extrene  right  ray/bean  n = 9,  which 
exits  upward  fron  x-axis  (each  point  of  the  separation  of  x-axis  it 
energes  two  ray/baans  - down  and  upward).  Thus,  N * kt  * k,  ♦ k,  ♦ 
2k4.  On  the  first  ray/bean  (n  = 0)  let  us  plot  consecutively  fl  of  the 
cuts  whose  lengths  im  increase  according  to  the  law  of  the  geonetric 
progression:  (a  ■ 2,  3,  4,  ...,  N)  , where  g - progression 
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ratio.  The  broken  line,  which  connects  the  initial  points  of  all 
ray/beaas,  arranged/located  on  v-axis  and  the  duct/contour  of  body, 
let  us  call/naae  zero  line  a * 0 second  faaily.  The  regaining  lines 
of  the  second  faaily  let  us  conduct  through  the  points  of  the 
separation  of  the  first  ray/beaa  of  in  parallel  to  the  appropriate 
cuts  zero  line.  Line  ■ » (1  and  ray/beaas  n = 0 and  n * 4 are  the 


outer  edges  of  calculated  region.  The  distance  of  outer  edge  froa  the 
duct/contour  of  airfoil/profile  is  deterained  by  the  selection  of 


valaea  /,  and  q,  and  also  by  the  length  of  axis  intercept  it  is 
behind  air foil/pcof lie.  Assuaing  that  the  boundary  is  located 
sufficiently  far  froa  body,  so  that  the  disturtance/perturbations, 
which  caae  to  it  froa  airfoil/profile,  are  saall  and  they  do  not  in 
practice  affect  the  field  of  flow  about  airfoil/profile,  let  us 
assign  boundary  conditions  of  field  in  the  fora  of  eguality  to  zero 
derived  gas-dynaaic  paraaeters  [3]  along  the  ray/beaas,  which  go  froa 
body.  The  cells,  adjacent  to  the  duct/contour  of  body,  let  us 
calculate  taking  Lato  account  satisfaction  of  the  conditions  of 
nonpassage  on  body,  while  cells  adjacent  X-axis  are  behind 
airfoil/prof  lie,  let  us  consider  as  usual  internal  cells. 

Bapioying  procedure  described  above  was  designed  the  flow  about 
the  airfoil/profiles  of  two  types  - NACA  64A-10  with  thickness  ratio 
lOo/o  and  the  spade-shaped  airfoil/profile  whose  coordinates  are 
assigned  by  foraula  [14] 

y~iUel*{l  x) 
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(c  - thickness  ratio),  with  the  location  of  aaxiaua  thickness  to  1/3 
chord. 

When  conducting  of  calculations,  were  selected  the  following 
paraaeters  of  calculated  grid.  Region  1 with  a lternating /variable 
beaa  direction  occupied  2.5o/o  of  chord  in  the  nose  section  of  the 
airfoil/profile;  the  nuaber  of  sectors  was  egual  k,  * 21.  In  the 
reaaining  part  of  the  flow,  the  ray/beaas  were  constructed 
vertically.  Tha  upper  and  lower  parts  of  the  airfoil/profile  were 
divide/aar ked  off  into  k,  = k,  = 23  parts.  Nuaber  of  cuts  between 
ray/beaas  in  regian  after  airfoil/profile  k«  - 20. 

Page  7. 

Bxtreae  ray/beaa  was  arrange/located  at  a distance,  equal  to 
approxiaatel y 3 froa  the  trailing  edge  of  airfoil/profile,  the  space 
between  ray/beaas  in  this  region  increased  with  reaoval/di stance  froa 
airfoil/profile  in  the  arithaetical  progression,  beginning  froa  space 
0.02S.  On  the  surface  of  airfoil/profile,  the  space  of  grid  was 
selected  by  variable  (aaxiaua  value  of  space  -0.05,  ainiaun  -0.0018), 
was  provided  as  fir  as  possible  a saooth  change  in  the  value  of  space 
during  transition  of  one  region  into  another. 
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The  second  family  of  calculated  grid  consisted  of  38  lines.  The 
initial  space  of  separation  on  the  vertical  line  (on  ray/beaa  n * 0, 
see  Pig.  Id)  Mas  equal  to  * j =*  0.002,  progression  ratio  g = 0.18-1.2. 
The  selected  values  of  these  quantities  provided  removing  of  the 
outer  edge  of  calculated  grid  up  to  distance  approxlaatel y 5-6.  It  is 
possible  to  expect  (and  this  confined  calculat  ions)  that  at  this 
location  of  outer  edges  the  parameters  of  floe  near  airfoil/profile 
Mill  differ  little  froa  the  parameters  in  the  case  of  floe  of  the 
unrestricted  flou. 

The  pouerful  non unif or ait y of  the  space  of  grid  is  connected 
Mith  the  need  for  the  calculation  of  the  regions  of  airfoil/profile 
Mith  large  and  by  snail  curvature  (in  accordance  Mith  a sharp  and 
smooth  change  in  the  floM  parameters).  Let  us  note  that  the  range  of 
an  abrupt  change  of  the  parameters  in  the  leading  edge  of  an  airfoil 
profile  occupies  the  very  small  part  of  chord  (~2.5o/o),  nevertheless 
from  the  accuracy /precision  of  the  calculation  of  flov  in  this  region 
depends  the  correctness  of  the  solution  of  problem  on  the  remaining 
part  of  the  airfoil/profile.  It  is  possible  to  count  that  the 
relation  of  the  minimum  and  maximum  spaces  of  grid  on  airfoil/profile 
is  determined  that  in  essence,  by  the  radius  of  curvature  of  leading 
edge/nose  and  by  the  chord  length  of  airfoil/profile.  Space  on  tine 
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is  determined  by  minims  coordinate  space,  due  to  the  nonuniformity 
of  the  coordinate  spaces  it  in  the  significant  part  of  the  flow 
(-95o/o  of  chord)  substantially  lesser  than  permissible  (for  the 
examined  cases  the  relation  of  maximum  local  space  on  tima  toward 
minimum  is  equal  approximately  to  25).  This,  in  turn,  leads  to  a 
sharp  increase  in  the  required  machine  tine,  several  times  of  the 
which  exceeds  time  calculation  of  analogous  task  with  one  significant 
dimension  (for  example,  the  transonic  flow  around  cylinder).  Has 
observed  also  a noticeable  increase  of  the  set-up  time  in  transonic 
conditions/mode  in  comparison  with  supersonic. 

The  results  of  calculation  are  given  to  Pig.  5-7. 

Pig.  5a,  depicts  isobars  in  the  field  of  flow  about 
airfoil/profile  NACA  64A-4  10  at  M =0,7'_\  a » 4°.  On  pressure  side 
of  profile  is  realized  the  compression  of  flow,  on  upper  - powerful 
evacuation/rarefaction  with  the  formation  of  supersonic  region  whose 
boundary  is  plotted/applied  by  dotted  line.  Supersonic  region  is 
closed  by  the  shock  wave,  presented  in  curve/graph  in  the  form  of 
thickening  isobars. 

Pressure  distribution  according  to  the  surface  of 
airfoil/profile  is  shown  on  Pig.  5b:  solid  line  - data  of  this  work, 
broken  - numerical  results  from  work  [9],  small  circles 
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plotted/applied  data,  obtained  expedient  ally  [15].  Pressure  curves, 
which  correspond  to  the  lower  side  of  the  surface  of  a ic foil/prof i le, 
will  well  agree  by  one  with  another.  On  the  upper  side  of 
airfoil/profile,  is  observed  a noticeable  difference  in  the  results 
in  the  region  of  the  shock  configuration,  especially  are 
distinguished  experimental  and  theoretical  curves.  As  already 
■entioned  that  disagreement  (theories  and  experiment)  in  the  shock 
position  is  observed  also  during  calculation  by  other  methods  on 
other  bodies  [1,  3]. 

Page  8. 

During  the  solution  of  the  inviscid  problem  of  the  flow  around 
airfoil/profile,  jsually  is  superimposed  Joukowski's  condition  about 
the  location  of  rear  critical  point  on  the  sharp  edge  of 
airfoil/prof ile.  In  the  numerical  calculations  of  this  work,  this 
condition  specially  was  not  assigned,  nevertheless  at  small  angles  of 
attack)  was  obtained  flow  with  the  location  of  critical  point  on  sharp 
edge,  which,  apparently,  is  explained  by  the  effect  of  the  "circuit 
ductility/toughness/viscosity",  which  is  present  in  the  utilized 
finite-difference  method. 

Bith  an  increase  in  the  angle  of  attack,  the  character  of  flow 


changes:  on  the  upper  side  of  airfoil/profile  in  its  central  part,  is 
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foried  the  region  of  recurrent  flow,  similar  flow  described  above  in 
the  rear  portion  of  axially  symmetrical  bodies;  in  this  case,  the 
overflowing  of  flow  from  lower  side  to  upper  does  not  occur  as 
before.  The  value  of  the  angle  of  attack,  by  which  occurs  the 
transition  from  one  conditions/mode  of  flow  to  another  on  the 
airfoil/profile  in  question,  specially  was  not  determined.  Let  us 
note  only  that  at  a = 8°  is  established  flow  without  recurrent  zone, 
at  a = 24°  this  zone  occupies  the  significant  part  of  the  upper 
surface  of  airfoil/profile. 
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Page  9. 

Let  us  give  the  results  of  the  flow-field  analyses  of  the 
described  above  spade-shaped  airfoil/profile  of  thickness  c = 0.1 

with  nuaber  - I. 

This  airfoil/profile  is  investigated  in  detail  in  work  [14], 
where  obtained  approxiaate  solution  for  pressure  distribution  taking 
into  account  ductility/toughness/viscosity  fcy  the  aethod,  analogous 
to  the  aethod  of  the  local  linearization  of  Spreiter  [16]. 
Furthermore,  for  it  are  experimental  results.  Fig.  6,  depicts  the 
lines  of  equal  values  of  Mach  nuabers  at  the  angle  of  attack  of  the 
airfoil/profile  a = 2°.  It  is  evident  that  the 

acceleration/disparsal  of  flow  froa  the  critical  point  upward  over 
the  surface  of  airfoil/profile  occurs  very  intensely,  so  that  the 
sonic  line,  designated  by  dotted  line,  is  arrange/located  near 
leading  edge.  By  virtue  of  symaetry  of  airfoil/profile  and  saallness 
of  angle  of  attack  on  the  lower  side  of  airfoil/profile,  the  flow 
also  is  accelerate/dispersed.  Shock  wave,  closing  supersonic  zone  on 
upper  and  lower  surfaces,  is  arrange/located  on  trailing  edge,  which 
will  agree  with  the  approxiaate  calculated  and  experiaental  data. 
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Fig.  7,  depicts  the  dependence  of  pressure  coefficient  on  the 
longitudinal  coordinate  of  airfoil/profile  of  the  angle  of  attack, 
equal  to  zero.  Acs  compared  three  curves:  unbroken  curve  - a 
numerical  calculation,  bright  small  circles  - the  experimental  data 
[17]  for  ^ ioi  and  the  dotted  line  - approximate  analytical 
solution  [14];  should  note  the  fair  agreement  both  of  the  theoretical 
data  with  each  other  and  theoretical  data  with  experimental. 

There  is  shown  the  distribution  of  coefficient  pressure  in 
airfoil  chord  at  a = 2°  and  Mq,-*!.  Curve  with  the  designation  a - 
~?°  corresponds  to  lower  surface.  The  experimental  data  (are  noted 
by  black  small  circles)  are  undertaken  from  work  [17],  As  can  be  seen 
from  the  given  materials,  calculated  results  satisfactorily  will 
agree  with  experimental. 

In  conclusion  the  author  expresses  gratitude  to  V.  7.  Sichev  and 
A.  I.  Golubinskiy  for  the  useful  discussion  of  the  results  of  work 
into  V.  P.  Kolgana  after  aid  when  conducting  of  some  numerical 
calculations. 
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Page  11. 

NUMERICAL  METHOD  7F  CALCULATION  OF  AERODYNAMIC  CHARACTERISTICS  OF 
FLAT  AND  NONPLANAR  KINGS  IN  SUPERSONIC  FLON. 

A.  G.  Zakharov. 

Is  presented  the  numerical  net  hod  of  calculation  of  the  total 
and  distributed  characteristics  of  the  fine/thin  lifting  wings  of 
coaplex  planfora,  including  with  the  nixed  (sub-  and  supersonic) 
leading  and  subsonic  trailing  edges,  during  flow,  by  the  supersonic 
flow  of  gas.  Method  is  instituted  cn  linear  theory.  It  is  shown, 
that,  increasing  the  nunber  of  calculation  joints  on  wing,  it  is 
possible  to  calculate  coabination  wing  ♦ housing  as  fina/thin  lifting 
surface,  which  has  the  saae  planfora  as  wing  ♦ housing.  The  results 
of  the  calculations  of  different  lifting  surfaces  are  coapared  with 
the  data,  obtained  by  other  nuaerical  aethods,  and  with  the  results 
of  experiaent. 

1.  For  calculation  of  total  and  distributed  aerodynaaic 
characteristics  both  isolated/ insulated  wings  of  coaplex  planfora  and 
coabiqation  wing  ♦ housing  is  utilized  series  of  effective  nuaerical 
aethods  [1-3].  On  the  basis  of  nuaerical  diagraa  [ 1 ] is  developed  a 
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prograa  for  EfsVB  [digital  coaputer]  BESN-6.  Lat  us  pause 

briefly  at  the  basic  ideas  of  this  aethod.  Let  us  exaaine  the  flow 
around  the  arbitrary,  weakly  bent,  infinitely  fine/thin  wing, 
establish/installa d at  low  angle  of  attack,  by  the  supersonic  flow  of 
perfect  gas  in  tha  coordinate  systea,  connected  with  wing  (Fig*  1). 
The  linearized  boundary  conditions  on  wing  take  the  fora:  ir  — -^ 
(condition  of  nonpassage  V*n  = 0)  , where  W » « (x,  z)  - a coaponent  of 
the  disturbed  velocity,  noraal  to  wing  plane;  y 3 y (x,  z)  - the 
equation  of  the  wLng  surface. 
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Page  12. 

Outside  of  wing  and  on  the  vortex  sheet  (is  the  esse  of  subsonic 
trailing  edge)  the  coefficient  of  pressure  c p is  equal  to  zero, 

i*e”  , 

p dx 

whore  ♦ - potential  of  the  disturbed  speed. 


It  is  required  to  calculate  c,  on  uing  at  the 
assigned/prescribed  values  of  j • j(x , s)  . 


According  to  linear  theory  the  potential  of  the  disturbed  speed 


L 1 
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in  arbitrary  point  can  bo  expressed  through  the  integral  on  the 


doaain  of  effect 


where 


j»  --  \ M«  ~ I 


£ of  the  coe prising  speed  aoraal  to  wing  plane: 


> ! ~ 


i ,v  r (j.j)  <n  «k__ 

* v I (<  ““t*  ’.>•  * 


After  introducing  in  plane  y * 0 characteristic  coordinates 

(see  Pig.  1) 

).  _ ).*  + x - ?z.  1'  - A*  + 5 - fc. 

u = (*•  -f  x + pz,  (»'  — f»*  + t + 

with  beginning  at  point  r(A*,  m*)  « let  us  break  wing  into  rhoabifora 
cells  with  the  sides,  parallel  to  Rach  lines.  In  each  cell  of  the 
coaponents  of  the  disturbed  speed,  noraal  tc  wing  plane,  it  is 
set/assuaed  by  constant.  Is  conducted  integration  for  each  cell.  Zone 
of  flow  is  divide/aarked  off  into  two  zones:  the  points,  which  lie  on 
wing,  and  the  points,  which  lie  out  of  wing.  In  the  first  - for 
deteraining  the  downwashes,  is  utilized  the  condition  of  nonpassage, 
in  the  second  (if  trailing  edges  subsonic  or  front/leading  aixed)  - 
equality  zero  pressure  coefficient.  Moreover  aethod  [ 1 ] it  aakes  it 
possible  to  directly  deteraine  the  values  of  potentials,  without 
calculating  in  this  case  the  downwashes  out  of  wing  which  are  not 
necessary  for  deteraining  of  the  total  and  distributed  aerodynanic 
characteristics.  Phis  leads  to  the  savings  cf  the  aachine  aeaory  and 
count  tiae.  Sufficiently  siaply  is  rea lize/accoaplished  transition 
froa  one  wing  to  another.  This  is  provided  ty  the  fact  that  the 
integration  for  any  wings  is  conducted  on  rectangle  R (see  Pig.  1) 
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with  sides  / sad  b (abscissa  of  the  point  oi  the  saxisua  longitudinal 
sixe  of  wing),  into  which  is  entered  the  wing.  In  nethod  [1]  for 
wings  with  transrerse  syaaetry,  it  is  proposed  to  store  in  the  aeaory 
of  the  aachine  of  the  value  of  the  potentials,  which  belong  to  entire 
rectangle  R.  However,  this  it  is  possible  net  to  aake  and  to  retain 
only  those  values  of  the  potentials  which  pertain  to  the  right  half 
of  rectangle  R.  This  was  realized  in  the  developed  prograa  for 
BESN-6.  An  increase  of  the  nuaber  of  calculated  cells  in  rectangle  R 
two  tines  nates  it  possible  to  calculate  only  not  isolated /insulated 
wings  of  coaplex  planfora,  but  also  coabination  wing  ♦ housing.  In 
this  case,  the  housing  is  replaced  by  its  projection  on  plane  xOz 
(see  Pig.  1). 


2.  Let  us  give  soae  results  of  calculations  by  aethod  presented. 
Fig.  2,  depicts  the  data  of  the  calculations  of  load  distribution 
along  the  spread/scope  of  t wo  sweptback  wings.  Wing  1 - swept  without 
contraction. 

Page  13. 

Load  distribution  r,„  on  this  wing  with  nuaber  M =»  |,j  is  designed 
by  this  aethod  and  the  aethod  of  aerodynaaic  inflaeace  coefficients 
("panel  aethod")  ( 3]  (with  nuaber  m*  = I,2  leading  and  trailing  wing 
edges  - subsonic).  Derivatives  designed  by  these  net  hods. 
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virtually  coincide,  and  the  difference  in  derivatives  w.  is  So/o 

/ 

(calculation  by  "panel"  net  hod  gave  value  r*  = 0,0540,  by  the  proposed 
■ethod  cl  0,0546,  values  m)  were  equal  tc  with  respect  0.020  and 
0.021). 


ling  2 - swept  with  contraction.  The  calculation  of  this  wing  is 
carried  out  by  tha  proposed  uethod  and  methcd  [4]  with  nuaber 
Mac  2,6.  Kith  this  nunber  vi*  leading  edge  subsonic,  and  rear  - is 
supersonic.  Prom  curve/graph  it  is  evident  that  the  results  of 
calculations  converge  sufficiently  well. 


Pig.  3,  gives  an  exaaple  of  the  calculation  of  the  wing  of 
coupler  planfori  with  nuwbers  and  2. 3.  With  these  nuabers 

M«  the  wing  has  the  nixed  leading  edges.  The  results  of  calculation 
show  a qualitative  change  in  the  law  of  load  distribution  along  the 
wingspan  with  an  increase  in  number  m»  fron  1.6  to  2.3.  With  number 
M*— 'j,3  the  large  part  of  the  leading  edge  of  outer  wing  panel 
supersonic,  and  this  causes  the  considerable  decrease  of  load  on 
bracket. 


The  calculation  of  wing  with  deformed  aedian  surface  let  us 
examine  based  on  the  exaaple  of  delta  wing  with  sweep  angle 
y.  . - 71.5  when  M,.  = 2,06.  The  length  of  root  chord  was  accepted  equal 

to  unit.  The  wing  surface  was  assigned  by  tie  polynomial 

/(V,  z)  - a,„x  t fiMx|*|  ( rt|}xz3  -f 
t <i ii  x |x|*  ‘ «,„**  f a.,  x‘|z|  -f 
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).  Wing.  (2).  aethod.  (.1).  calculation 
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The  results  of  the  calculations  of  the  total  aerodynamic 
characteristics  of  this  wing  for  different  number  n of  sections  on 
the  semirange  of  the  wing  (see  Fig.  1)  by  the  proposed  set  hod  and 
■ethod  [4]  are  represented  in  table.  The  coefficient  of  pitching 
moment  was  determined  relatively  the  wing  leading  edge  in  the 
portions  of  root  chord. 

Let  us  turn  to  the  comparison  of  the  results  of  calculation  with 
experimental  data.  In  Fig.  4,  are  compared  calculated  and 
experimental  aerodynamic  coefficients  c*  and  ;«S  in  the  range  of 
numbers  I.J  M«,  .4  for  the  sweptback  wing.  The  coefficient  of 
pitching  moment  was  calculated  relative  to  the  conditional  center  of 
gravity,  arrange/located  at  a distance  .v,  -l),5  CAX.  From  curve/graph 
is  visible  the  satisfactory  convergence  of  the  results  of  calculation 
and  of  experiment. 

Program  for  ETsVH  8ESP1-6,  developed  on  the  basis  of  the 
described  diagram,  without  modification  can  be  used  for  the 
calculation  of  the  total  aerodynamic  characteristics  of  combination 

■ing  ♦ housing,  if  the  relative  area  of  aaxiaua  cross  sections  of 
housing  is  small  - order  2o/o.  During  the  calculation  of  this 
coabination,  the  sing  and  housing  are  replaced  by  the  fine /thin 
lifting  sarface  of  the  same  planform,  as  wing  ♦ housing. 
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n «=  69 

i 

| n =-  49  ! 

n = 9 

j o.< 

1 0.0907 

0,1037 

0.004522 

0. 00452 

0,004557 

0.005482 

m,  0.06307 

! 

0.063 

0.06287 

0,06572 

Key:  (1).  Aerodynamic  coefficients.  (2).  Method.  (3).  Calculation  by 
proposed  method. 


Key:  (1).  calculation.  (2).  experiment. 
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FIs. 


On 


5,  gives  an  example  of  this  calculation  of  the  model  of 
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flat/plane  wing  with  housing  and  is  carried  out  the  comparison  of 
obtained  values  c\  and  m‘>  with  the  results  of  experiment  - The 
coefficient  of  pitching  moment  is  designed  relative  to  the 
conditional  center  of  gravity,  arrange/located  at  a distance 
*t^o,5CAX.  On  this  same  figure  are  compared  experimental  and 
calculated  dependences  cy  ^=f(cx  — r,  n)  with  number  M*  = 2,52.  Prom 
curve/graph  is  visible  the  sufficiently  good  convergence  of 
experimental  and  calculation  data. 


In  such  a manner,  as  show  calculations,  the  proposed  numerical 
method  is  sufficiently  effective  both  for  the  wings  of  complex 
planform  and  for  combination  wing  ♦ housing. 


— 
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Key:  (1).  calculation.  (2).  experiment. 
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FLOH  OF  GAS  THROUGH  A HAIL  WITH  LONGITUDINAL  SLOTS. 


(1.  P.  Fyabokon*. 


Is  given  the  theory  of  the  flow  of  the  gas  through  the  wall  with 
the  longitudinal  slots  takirg  into  account  the  coapressi bi 1 ity  effect 
of  gas  and  ate  examined  the  leveling  properties  of  this  wall. 


Questions  of  interaction  of  the  flow  of  gas  with  the  wall,  which 
has  the  longitudinal  slots,  were  exanined  in  work  [ 1 ] in  connection 
with  the  study  of  the  leveling  action  of  the  penetrated  walls.  It  was 
shown,  that  in  linear  approach/approxiaat.  icn  (upon  consideration  of 
the  first  degrees  of  a velocity  increment)  the  wall  with  the 
longitudinal  slots  behaves  as  free  boundary  and  the  leveling  action 
it  does  not  exert  itself.  It  was  shown  also,  that  in  nonlinear 
approach/approx iaa t ion,  but  under  the  condition  of  the  saallness  of 
relative  pressure  differentials  this  wall  during  the  proper  selection 
of  the  coefficient  of  permeability  can  decrease  fron  it  the 
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disturbance/perturbations  reflected  several  times  (at  best  eight 
times)  . 

In  connection  with  the  grown  interest  in  the  application/use  of 
walls  with  the  longitudinal  slots,  caused,  in  particular,  by  their 
use  in  gas  ejectors  [2],  it  appeared  the  need  for  more  precise 
performance  calculation  of  the  flow  through  the  penetrated  wall  with 
the  longitudinal  slots. 

In  this  article  is  examined  the  flow  through  the  wall  with  an 
arbitrary  pressure  differential  on  it  and  seme  possibilities  of  using 
leveling  properties  of  walls  with  longitudinal  slots  at  supersonic 
speeds  of  flow. 
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Pig-  1. 


Key:  (1).  Section. 


Page  17. 


1.  Let  us  examine  flow  of  flow  about  perfect  gas  of  flat/plane 
plate  of  zero  thickness,  which  contains  parallel  slots  of  identical 
width,  arrange/located  on  equidistance  from  each  other  (Pig-  1).  The 
ratio  of  the  width  of  slots  to  lattice  spacing  let  us  designate 
through  k.  Peripheral  component  of  velocity  let  us  count  to  parallel 
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In  ideal  fluid  composing  rates,  parallel  to  the  direction  of 
vail,  does  not  affect  the  flow  pattern  through  the  vail.  Therefore 
the  task  indicated  is  reduced  to  the  task  of  deteraining  the  flov 
through  the  vail  vith  slots  vhen  the  rate  of  the  undisturbed  flov  is 
normal  to  the  vail  (see  Pig.  1b). 


Is  knovn  the  exact  solution  of  this  task  for  tvo  limiting  cases: 
for  k -3  0 and  k 1 [3].  Using  solutions  for  these  limiting  cases, 
and  also  by  solution  for  the  flov  through  the  Borda  mouthpiece  [4], 
let  us  find  approximation  for  the  coefficient  of 
expenditure/consuiption  through  the  slots  (see  Pig.  1b): 


u — _ Pi  «’i 

^ p,fj»  ’ 

vhere  P,  - lattice  spacing,  F*  - vidth  of  slots. 


(1) 


It  is  assume!  that  each  stream  is  broken  avay  from  the  edges  of 
slot,  and  in  stagnation  xone  pressure  is  constant. 


The  aquation  of  the  conservation  of  momentum  for  this  flov  takes 
the  form: 


p,  v\  h\  + — Wiv\F*  1 Pi  ~ ^t). 


(2) 


r 

*%  = J p F.-T. 


vhere 
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Hence  after  siaple  conversions  it  is  possible  to  obtain 
expression  for  p: 


where  p0  - stagnation  pressure,  p(y)  - the  gas-dynaaic  function  p/p0- 


The  value,  which  stands  out  of  the  brackets,  represents  by 
itself  the  coapression  ratio  of  flow  in  Borda  aouthpiece: 


,lt ' -plh)  *.  ( . i 


(4) 


Therefore  foraula  (3)  can  be  rewritten  as  fellows: 


Values  (l|i  with  k = 0 (V|  * 0)  and  change  X2  froa  0 to  1 change 
froa  0.5  to  0.636,  whereas  the  value  p under  these  conditions 
according  to  the  data  of  work  [3]  (discharge  froa  the  container 
through  the  slot)  they  change  froa  0.611  to  0.745. 


Kith  k ->  1 , which  corresponds  to  the  flow  around  the 
isolated/insulatel  plates,  according  to  the  data  of  work  [ 3],  value 
-*!L-  1»  changed  froa  0.88  to  0.9  1 during  change  X froa  0 to  1. 


Pi 
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Pa  ge  1 8. 


All  these  data  can  be  connected,  if  we  replace  expression  (4) 
with  the  following  approximation  formula: 

e - !‘b  ( I + 0,222 ( I - 0,23  *,  | Xt)(  I - 1 ,45  k -f  0,45  *J)|. 

An  inaccuracy  in  this  formula  does  not  exceed  0.5o/o  with  k = 0 
and  vanishes  with  k ->  1 in  all  range  of  subsonic  speeds  and  also  at 
small  supersonic  speeds. 


Prom  expression  (1)  we  obtain 


i 

u 


v:«. 


i V(M 

l*  V 0j)  ’ 


where  q(X)  - gas-dynamic  function  -1— - . 

p. 


For  the  flow  through  the  slots 


*=  1 1 <>.222(1  - 0.2IU,  | ),>(!  1.45*  + 0,45**)!'' 

f,  V l ' .7 

or 


*|l  f- 0,222(1  0,23 X,  1 /.,) ( l 1 ,45 k \ 0,45  A*)|  — 
s 1 1 _ 1l  h 1 -*(*■>  II  [ * — 1 

\ »;  I »P0,)M?|(  \xp  0,)M-| 


In  the  right  side  the  function  of  values  A(  and  X*  confronting 


represents  by  itsalf  relative  area  for  the  cap/filling  by  Borda  4,. 
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The  curve/graph  of  this  function  is  given  tc  Fig.  2.  Thus, 

k„  -A|l  -r  0,222(1  - 0,23 i2  \ ) ,)(!  - 1,45  ft +0,45  A*)|. 

These  dependences  for  a secies  of  values  k ace  also  cepcesented 
in  Fig.  2.  The  curve/graph  Fig.  2 Bakes  it  possible  to  detecaine  the 
dependence  between  and  X2  with  the  assigned/pcesccibed  coefficient 
of  pecaeability  k.  Such  dependences  foe  a secies  of  values  k ace 
given  to  Fig.  3. 

It  should  be  noted  that  at  each  value  cf  k the  aaxiaua  value  X, 
and,  thecefoce,  the  aaxiaua  air  flow  cate,  accocding  to  data  Fig.  3, 
ace  obtained  not  when  but  with  cectain  coapacatively  saall 

X 2 (ocdec  1.3),  which  contradicts  physics  of  the  phenoaenon,  since 
the  creation  of  more  powerful  evacuation/raref action  behind  slotted 
wall  aust  not  leal  to  the  decrease  of  expendituce/consuapt ion.  the 
presence  of  aaxiaua  is  connected  with  an  inaccuracy  in  focaula  (2)  in 
the  field  X2  > 1,  which  assuaes  the  even  distribution  of  the  speeds 
and  pressures  in  jet  in  section  2,  whereas  real  distribution  aust  be 
substantially  nonunifoca  due  to  the  presence  of  waves.  Thecefoce  the 
data  Fig.  3 can  be  considered  valid  only  tc  the  chutes  of  naxiauas 
X t . However,  since  the  range  of  higher  values  X2  is  of  interest  for 
further  calculations,  in  Fig.  3,  curves  are  continued  further  with 
constant  values  Xt  (dotted  line). 
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rising  the  curve/graph  Pig.  3,  it  is  possible  to  determine  the 
ratio  of  pressure  on  wall  for  each  value  of  k : 

Pt  ~ (5) 

Returning  to  initial  flow,  we  note  that 


/*l  _ p(*> 

p>  p(K.)  ' 


(«) 


•here  iv. 


speed  on  free  boundary. 
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The  comprising  velocities  of  incident  flow  are  connected  by  the 
relat ionsh ip/ratios: 


./)  r . 

, i.  - , 

1 

' 

► - i 

r— 

* 

. 

— t— ; 

33 
• ■ 

• - 

L4 

One  should,  however,  note  that  for  the  range  of  a change  in  the 
direction  of  the  speed  in  wave  to  5°  with  Mach  numbers  to  3,  i.e., 
under  those  conditions  which  can  be  of  practical  interest,  pitot 
losses  do  not  exceed  0.5o/o  and  therefore  they  do  not  virtually 
affect  the  characteristics  of  wall.  Ball  itself  with  the  longitudinal 
slots  during  the  flow  around  it  of  the  steady  flow  (with  k < -0.7) 
does  not  cause  pitot  losses  unlike  wall  with  the  transverse  slots  or 
with  round  opening/apertures.  Therefore  in  further  examination  of 
pitot  loss  be  considered  they  will  not  be. 


2.  Let  us  examine  question  concerning  leveling  action  of  wall 


with  longitudinal  slots,  through  which  ccc ur/f low/lasts  flow  of  gas. 


F 

1 


i 
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Let  the  characteristic  of  wall  const  take  the  form  curved 

AB  in  Fig.  4.  If  flow  attacks  to  wall  with  angle  90t  the  point  C of 
intersection  from  straight  line  9 = 90  will  be  operating  point.  Let 
us  conduct  through  point  C epicycloid  DCE.  If  in  flow  is  a 
compression  wave  with  the  maximum  angle  of  rotation  of  flow  then 

its  image  in  Fig.  4 is  line  CE'.  Let  us  conduct  through  point  E'  the 
epicycloid  of  the  second  faaily  E'B'C'.  Line  CB*  corresponds  to  the 
wave  reflected.  Non  uni  form ity  in  the  wave  reflected  is  characterized 
by  the  maximum  distance  between  lines  CB'  and  CE*,  taken  on  the 
ray/beam,  passing  through  pcint  0;  in  this  case  this  of  cuttings  off 
B*  E". 


DOC  = 78067902 


PAGE 


”7— 


Fiq.  4. 

Page  21. 

Degree  of  the  extinguishing  of  nonunif ora ity  by  the  wall  is 

characterized  by  ratio  e --  /{  ' or  B t " 

<:  <:  * 2«x:  <>/■) 

In  the  case  of  rarefaction  wave  with  the  aaxisun  angle  of 
rotation  of  flow  A9*  the  nonunifor mity  of  flow  after  reflection  is 
characterized  by  cut  A'D",  and  the  degree  of  the  extinguishing  of 
nonuni  forsity  > ’ (,).  . 

To  Pig.  5,  gives  a series  of  the  characteristics  of  slotted  wall 
with  different  coefficients  of  permeability  k.  For  each  of  the 
characterist ics , is  plotted/applied  the  sectioq  of  its  concerning 
epicycloid.  The  analysis  of  these  data  shows  that  the  wall  with  the 
longitudinal  slots  with  the  course  through  it  of  flow  can  provide  the 

i 


complete  equalization  of  disturbance/pert urfcations.  The  field  of 
complete  equalization  (field  of  the  coatact  of  curves)  in  the 
aajority  of  the  cases  is  saall.  However,  during  transonic 
conditions/aodes  in  certain  cases  of  the  characteristic  of  wall, 
satisfactorily  they  will  agree  with  epicycloids  over  a wide  range  of 
the  angles  of  rotation  of  flow  (to  5°)  . A series  of  such 
characteristics  is  given  to  Fig.  5.  on  curve/graphs  are  shown  the 
ranges  of  angles  and  velocities  A in  the  range  of  agreement,  and  also 
t value  e.  As  is  evident,  values  e comprise  to  2- 3o/o,  i.e.,  they 

are  considerably  best,  than  in  the  case  of  the  flow,  parallel  to 
wall,  when  * is  equal  to  12. 5o/o  (see  [1]). 
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3.  Slotted  walls  of  exanined  type  can  fce  successfully  used  in 
schematic  of  wind  tunnel  with  saall  supersonic  speeds  of  flow,  if 
they  are  establish/installed  at  certain  angle  to  nozzle  liners  (Pig 
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When  assign/prescribed  the  angle  of  setting  the  walls  of 
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test  section  should  select  in  such  a way  that  the  operating  point 
would  be  located  in  the  aiddle  of  the  field  of  the  adjoining  of  the 
characteristic  of  wall  and  epicycloid.  In  this  case  will  be 
extinguished  well  the  exiting/waste  from  model  compression  waves  and 
evacuation/rarefaction  whose  intensity  does  not  exceed  the  limits  of 
the  field  of  adjoining. 

Test  model  one  should  establish/install  the  systea  of  the  waves, 
exiting/waste  from  the  joint  of  no2zle  and  test  section.  These  waves 
can  appear  as  a result  of  inaccurate  agreement  between  the  nozzle 
pressure  p = p0  (A),  the  pressure  in  space  after  test  section 
Pi,~p0p(kct)  and  the  angle  of  setting  walls.  With  the  first 
incid»nce/drop  on  the  wall  of  wave,  they  are  extinguished. 

The  application/use  of  walls  with  longitudinal  slots,  tilted  to 
flow,  in  wind-tunnel  test  section  is  connected  with  the  need  for 
suction  from  the  space,  which  surrounds  test  section,  the 
considerable  quantity  of  air,  which  comprises  in  the  portions  of 
overall  expenditure/consuaption  10-20o/o  and  more  during  the 
evacuation/rarefaction,  which  exceeds  evacuation/rarefaction  by  test 
section.  This  fact  comprises  a main  deficiency/ lack  in  the 
application/use  of  such  walls.  At  the  saae  tine  the  slotted  walls, 
tilted  to  flow,  possess  a series  of  essential  advantages  in 
comparison  with  the  usual  perforated/punched  walls.  On  the  usual 
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Malls  there  is  a boundary  layer,  which  iak«s  the  leveling  properties 
worse  of  walls,  whereas  on  slotted  wall  it  continuously  escape/ensues 
through  slots  together  with  the  exhausted  air.  The  characteristics  of 
usual  walls  with  inflow  and  discharge  of  flow  essentially  differ  froa 
each  other,  whereas  the  characteristics  of  slotted  wall  with  inflow 
and  discharge  are  the  continuation  of  each  ether.  The  usual 
perforated /punched  walls  strongly  create  turbulence  flow,  whereas 
slotted  walls  with  the  continuous  suction  through  then  of  air  provide 
conditions  for  obtaining  the  low-turbulence  flow. 
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Page  23. 

EXPERIMENTAL  DETERMINATION  CF  THE  PRESSURE  RECOVERY  FACTORS  IN 
CONICAL  DIFFUSERS  AT  HIGH  SUBSONIC  SPEEDS  AND  DIFFERENT  ENTRANCE 
CONDITIONS. 

Ya.  L.  Ginsburg,  I.  Ye.  Idel'chik. 

Are  given  the  basic  results  of  the  investigations  of  the  conical 
diffusers  at  high  subsonic  speeds.  Are  obtained  the  dependences  of 
the  pressure  recovery  factors  on  the  relative  speed  of  flow  for 
different  angles  and  the  expansion  ratios  and  relative  lengths  of 
direct/straight  intake  both  for  the  exit  cone/diffusers,  placed  in 
grid/network  and  at  output/yield  f roa  grid/network. 

It  is  known  that  the  diffuser  channels  are  widely  accepted  in 
the  aost  varied  branches  of  technology;  therefore  to  the  study  of  the 
flow  of  liquid  anl  gas  in  such  channels  is  given  considerable 
attention.  Many  questions,  connected  with  flow  in  the  diffuser 
channels,  especially  nonseparable,  obtained  theoretical  solution 
[1-6];  however,  the  complexity  of  the  phenomenon  and  the  dependence 
of  diffuser  performance  on  the  large  number  of  parameters  does  not 
make  it  possible  at  contemporary  level  to  obtain  all  these 

I 
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dependences  theoretically,  their  large  part  it  is  necessary  to 
determine  only  experimentally,  but  also  by  this  method  obtain 
coaprehensi ve  given  everything  still  could  not.  In  the  carried  out 
investigations  the  number  of  the  paraneters  being  investigated 
remained  limited,  so  that  the  effect  of  each  of  then  independent  of 
the  remaining  paraneters  not  always  could  be  revealed.  This  relates 
even  to  such  comparatively  extensive  studies  of  the  exit 
cone/diffusers  which  are  presented  in  works  [6-10],  True,  for  the 
authors  [ 6 ] it  was  possible  to  the  certain  degree  to  determine 
independently  one  of  another  effect  of  two  very  important  paraneters 
- Re  numbers  and  N . But  this  concerns  only  the  exit  cone/diffusers, 
working  to  exhaust,  with  divergence  angles  to  30°  under  constant 
entrance  conditions  (uniform  airfoil/profile  of  inlet  velocities  into 
the  exit  cone/diffuser,  placed  directly  after  smooth 
collector/receptao le,  and  the  constant  turbulence  level  of  entering 
flow)  • 


Page  24. 


The  authors  of  present  article  carried  out  the  systematic 
studies  of  the  conical  diffusers  (Dj  = 80  mm),  of  exit  cone/diffusers 
with  the  square  cross  sections  and  of  the  plane  diffusers  both  in 
their  work  on  exhaust  (J2/D2  - 0}and  in  grid/network  1 

— (Aj/Ojlupi  I fig.  1). 
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FOOTNOTE  1 . Let  us  note  that  in  the  work  of  exit  cone/diffuser  in 
grid/net  work  must  be  taken  into  account  not  only  purely  "internal** 
the  losses  of  pressure  in  it,  but  also  losses  of  pressure  after  it, 
in  direct/straight  exit  section.  These  losses  are  caused  by  the 
disturbance/breakdown  of  flew  in  exit  cone/diffuser  itself  and  by  its 
further  equalization  on  the  section  indicated.  Therefore  for  the 
correct  deterainat ion  of  the  drag  coefficient  of  the  exit 
cone/diffuser,  working  in  grid/network,  is  required  the  aeasureaent 
of  the  total  pressure  at  this  distance  after  it  in  the  exit  section, 
with  which  the  distribution  of  speeds  virtually  already  is  evenly 
over  section.  In  our  experiments  after  the  experience/tested  exit 
cone/diffusers  of  the  class  in  question  always  was 
establish/installed  the  direct/st  raiqht  section  (see  Fig.  1)  with 
length  %X/T>Z,  which  provided  a sufficient  uniformity  of  flow  on 
leaving  its  in  the  atmosphere  |/,/o, -=(/„//),)  , | By  virtue  of  the  stated 
the  drag  coefficiant,  calculated  only  according  to  "internal"  losses 
in  exit  cone/diffuser  itself,  does  not  reflect  the  true  (complete) 
magnitude  of  losses  of  pressure  in  the  exit  cone/diffuser,  working  in 
grid/network.  ENDPOOTNOTF. 


Here  % , - length  of  direct/straight  exit  section,  D*  - 
the  wide  (exit)  saction  of  exit  cone/diffuser. 


diameter  of 
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Exit  cone/diffusers  tested  at  different  divergence  angles,  taken 
in  liaits  a = of  4-180°  (4°,  6°,  8°,  10°,  14°,  20°,  30°,  45°,  60°, 

90°,  120°,  180°),  and  expansion  ratios  in  the  range  n * 2-16  (2,  4, 

6,  10,  16).  Reynolds  nuiber  was  changed  within  the  liaits  (^e=  D' 

= 3» 1 04- 1 0 •,  but  only  as  a result  of  changing  the  speed  of  the  flow 
(relative  speed  reached  in  this  case  scaetiaes  X,  = 0.95).  Each  exit 
cone/diffuser  tested  under  the  varied  conditions  of  entrance,  which 
were  changing  by  the  setting  up  between  saooth  inlet  aanifold  and  the 
exit  cone/diffuser  of  direct/straight  sections  with  different 
relative  lengths,  undertaken  within  liaits  /,7J,  = 0-20.  By  this  they 
were  siaultaneousl y changed  within  the  coaparatively  wide  liaits 
(0.5o/o  < 2 6^D,  < 5.  Oo/o)  both  aowentum  thickness  and  the  turbulence 
level  in  inlet  boundary  layer  into  exit  cone/diffuser. 


T 
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It  is  clear  that  these  experiments  possess  that  deficiency/lack, 
that  in  them  a change  of  Re  numbers  and  X,  and  of  the  thickness  of 
the  "loss  of  nomen tum/impulse/pulse"  and  turbulence  levels,  occurred 
simultaneously.  However,  this  is  observed  in  the  majority  of  the 
cases  in  practice,  in  connection  with  which  the  obtained  results  they 
must,  in  our  opinion,  represent  sufficiently  wide  practical  interest, 
especially,  if  one  considers  that  the  experiments  made  it  possible  to 
determine  independently  of  each  other  the  effect  of  each  of  such 
parameters  as  a,  n,  2v/D2,  the  form  of  section. 
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The  total  pressure  before  the  exit  co»e/d i f fuser  was  determined 
from  the  total  pressure  in  the  preceding  exit  cone/diffuser 
earner  a/chamber  of  pressurization/supercharging  minus  of  losses  to 
friction  4H,  in  direct/straight  intake: 

Po  i ~ Pan  p , -f  H,  i - A//,. 

This  standard  method  was  used  not  only  for  simplification  in  the 
experimental  technique,  but  also  for  the  increese  of  their 
accuracy/precision.  It  eliminated  the  need  for  setting  up  for  section 
directly  before  the  entrance  into  the  exit  cone/diffuser  of  the  meter 
of  pressure.  The  latter  even  with  very  small  size/dimensions  causes 
the  considerable  distortion  of  flow  (aerodynamic  shadow)  over  entire 
length  of  exit  cone/diffuser,  introducing  thereby  large  errors  into 
the  determination  of  true  losses  in  it.  Furthermore,  supplementary 
resistance  in  common/general/total  grid/network  from  the  meter  of 
pressure  was  at  high  speeds  so/such  considerable,  that  under  our 
conditions  it  sharply  decreased  the  maximum  speed  of  flow  X,  by  the 
entrance  into  exit  cone/diffuser. 

Overpressure  H0  was  measured  in  section  by  0-0  according  to 
branch  on  the  wall  of  the  plenum  chamber  (camera/chamber  of 
pressurization/supercharging,  see  Fig.  1),  in  which  the  speed  of  flow 
was  virtually  equal  to  zero.  Therefore  value  Hd  can  be  considered  as 
excess  total  pressure  (stagnation  pressure). 
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Losses  of  pressure  AH,  on  section  fro»  section  0-0  to  section 
1-1  before  the  exit  cone/diffuser  were  determined  by  preliminary 
experiments  for  all  values  \t/ D,  1 in  a difference  in  the  total 
pressures  in  the  sections  indicated. 

] 

FOOTNOTE  >.  For  case  |«,/D,  = 0,  was  accepted  AH,  r,  by  0.  ENDFOOTNOTE. 

The  averaging  of  the  total  pressure  over  section  1-1  was  conducted  on 
mass  flow  rate  and  the  measured  fields  of  the  velocities  and  the 
total  pressures,  [n  this  case,  the  air  density  was  accepted  as 
constant  over  section,  since  with  ^,/D,  = 0-2,  when  exit 
cone/diffuser  was  placed  directly  after  smooth  collector/receptacle, 
the  distribution  of  all  flow  parameters  uniform  to  *. 

FOOTNOTE  *.  Section  1-1  was  selected  not  in  entrance  itself  into  exit 
cone/diffuser,  but  at  a distance  of  0.2  D,  in  front  of  it,  for 
purpose  of  the  exception/elimination  of  the  effect  of  the  fracture  of 
wall  on  the  local  distribution  of  speeds  and  pressures.  ENDFOOTNOTE. 


At  other  values  t>,/D,  (more  than  two)  value  A,  did  not  exceed  0.7. 
But  with  \ | < 0.7,  as  shown  in  work  [12],  ty  the  nonuniformity  of 
distribution  over  the  section  of  static  pressure  and  density  it  is 


DOC  » 78067902 


PAGE 


^ L M 


possible  to  disregard. 

In  accordance  with  the  observation,  made  above,  the  total 
pressure  after  the  exit  cone/diffuser,  working  in  grid/network,  was 
determined  from  the  total  pressure  at  the  end  of  the  direct/straight 
exit  section  s taking  into  account  losses  to  friction  AH*  in  this 
section : 

pi  °'j 

p 03  - /’.  ‘ A//i  - r»  I '.P  -2 


POOTNOTE  3.  Thereby  were  considered  not  only  "internal"  the  diffuser 
losses,  but  also  the  subsequent  losses  to  flattening  of  flux  after 
it,  which,  as  it  was  noted,  also  one  should  relate  to  diffuser 
losses,  working  in  grid/network.  ENDFOOTNOTE. 

where  j - coefficient  of  friction  drag  of  direct/straight  exit 
section. 

Page  26. 


Losses  to  friction  in  direct/straight  exit  section  after  exit 
cone/diffuser  due  to  the  smallness  of  speeds  are  so/such 
insignificant,  which  is  complete  not  subst ant ially , on  which  of  their 
available  formulas  to  calculate.  In  this  article  for  this,  was 
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utilized  the  fornula,  recommended  in  work  [12]: 


X _+J  I 

«-i7 


(-)  * 
\A.j  I 


(/..  ^ X,). 


Si  nee 


/ . « i \ «- 1 

Pu*  = p*(  l , rr  a: 


that  we  obtain 


x—  I t r \ 
x ) I K‘  V’ 


where 


- an  adiabatic  index. 


Taking  into  account  the  smallness  of  values  r ‘ — i A-  and  being 

1,1  X I I 

limited  only  to  first  terns  of  the  expansion  of  power  series,  it  is 
possible  expression  for  the  total  pressure  recovery  coefficient  to 
lead  finally  to  the  following  form: 


*-2  1: 1 +. 5-. <» +<„>*; 


* ^ ^i,< !' 1 ■*  i ^ v Aj  | * 

p a 


where 


I £ ')  * 

[A™  1 
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Fig.  6. 
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In  the  case  of  the  exit  cone/diffusers,  working  to  exhaust, 
value  p2  was  accepted  egual  to  the  ambient  pressure,  so  that 

p =,  _ Pi.  -a ! 

r An  Aoi  ( ( Wo  — A//| 

P a 

The  account  to  an  error  of  measurement  of  values  from  which  was 
determined  p(p0),  made  it  possible  to  evaluate  a relative  error  in 


r™ 
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the  determination  of  values 
velocity  band  (\t  > 0.6):  it 

account  being  inherent  in  diffuser  channels  high  flow  fluctuations, 
this  error  one  should  consider  completely  acceptable. 

The  results  of  experiments  in  the  form  of  the  dependences  of 
coefficients  p0  and  p on  Xt  (and  Re)  of  different  a,  n and  'Xt/Dl  are 
given  to  Fig.  2-6  for  the  conical  diffusers,  working  in  grid/network, 
and  in  Fig.  7-11  - for  conical  exit  cone/ditf users,  working  to 
exhaust. 

Let  us  note  that  the  decrease  of  the  maximum  speed  of  flow  x*  at 
the  entrance  into  exit  cone/diffuser  with  an  increase  in  the  relative 
length  ^,/D,  is  explained  purely  by  the  technical  capabilities  of  the 
used  by  us  experimental  installation.  With  an  increase  in  resistance 
of  the  experience/tested  exit  cone/diffusers  (as  a result  of  an 
increase  in  the  length  of  the  direct/straight  exit  section  “li/Dj) 
descended  the  fan  capacity,  which  gave  flow  into  notion,  and  further 
increase  Xt  became  under  our  conditions  impossible. 
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Pag*  30. 


The  liaited  volume  of  article  does  not  make  it  possible  here  to 
dwell  on  the  aechanisa  of  the  effect  of  the  conditions  of  entrance 
(relative  length  of  straight  intake  X|/D,)  for  resistance  of  exit 
cone/diffusers  or,  which  is  the  sane  thing,  on  the  pressure  recovery 
factor  p(p0)  (see  [ 16-18]).  Let  us  point  out  only  that  this  effect  is 
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caused  by  two  factors:  by  the  increase  of  thickness  and  turbulence 
level  of  boundary  layer  in  exit  cone/diffuser  with  the  elongation  of 
the  initial  direct /st ra ight  section,  placed  between  the  very  smooth 
collector/receptacle  and  the  exit  cone/diffuser.  At  small  divergence 
angles  a,  the  first  factor  (boundary  layer  growth)  the  voltage 
dropping  resistor  of  fricticn  in  exit  cone/diffuser,  and  the  second 
(agitation  of  flow)  - raises  it.  The  considerable  agitation  of  flow, 
which  has  more  powerful  effect  on  resistance  of  exit  cone/diffuser, 
than  boundary  layer  qrowth,  occur  durinq  the  initial  elongation  of 
direct/straiqht  saction  approximately  to  J.»/D,  = 10-12,  with  further 
increase  1,/D,  agitation  is  stabilized.  The  thickening  of  boundary 
layer  continues  with  further  elongation  of  direct/straight  section 
(virtually  to  \t/0t  = 20-25).  As  a result  of  entire  this  the 
drag-rise  charactaristics  (decrease  p and  p0)  of  exit  cone/diffusers 
with  small  angles  a (approximately  to  10°)  with  an  increase  in  the 
relative  length  of  direct/straight  intake  occurs  within  limits  li/D, 

$ 10-12.  With  further  increase  1,/D,,  value  p(p0)  remains  constant  or 
even  somewhat  grow/rises  in  comparison  with  the  fact  that  is  obtained 
with  X ,/D | = by  10-12. 

Until  now,  as  materials  for  the  calculation  of  exit 


cone/diffusers  at  high  subsonic  speeds,  served  the  data,  published  in 
C.  C.  Stsilard's  work  ( 13].  These  data  fiqure  as  almost  in  all  other 
works,  in  which  ace  exanined  analogous  questions  [12,  14].  Meanwhile 
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it  is  aissed  out  af  sight,  that  the  investigations  indicated  are 
related  to  exit  cone/diffusers  only  with  one  ratio  of  areas  (n  « 5) 
and  by  the  conpletely  specified  conditions  cf  the  entrance  when 
before  exit  cone/1  if fusers  are  establish/installed  suppleaentary 
sections  (wind-tunnel  test  section  in  the  fcra  of  smooth 
coilector/receptac le  with  direct/straight  section  by  the 
conaon/general/total  length  'h  '/Dt  = 3,  or  fiffel's  caaera/chamber) , 
so  that  the  data  [13]  are  connected  both  internal  resistance  of  exit 
cone/diffusers  and  resistance  of  these  sections.  Furthermore,  the 
presence  before  the  exit  ccne/dif fuser  of  one  or  the  other  section 
additionally  raises  resistance  of  this  exit  co^e/dif fuser  (reduces 
the  pressure  recovery  factor,  which  is  evident  from  those  given  here, 
and  also  in  the  works  [15-18]  of  the  results  of  our  investigations). 
Prom  the  aforesaid  it  follows  that  the  propagation  of  the  results  of 
the  investigations  of  Stsilard  for  other  relations  n (especially 
lesser  than  five)  and  other  conditions  of  entrance  is  incorrect,  the 
true  drag  coefficient  (pressure  recovery  factor)  of  exit 
cone/dif fuser  will  in  this  case  considerably  differ  from  that 
indicated  in  work  [13]. 
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Page  3 2. 

ANALYSIS  OF  SLOW  TONS  OF  THE  FLOW  OF  RAREFIED  PLASMA  WITH  THE  AID  OF 
MULT  I ELECT  RODE  PROBE. 

L.  V.  Nosachev,  V.  V.  Skvortsov. 

Are  given  the  results  of  the  investigations  of  medium  energy  and 
concentration  of  slow  ions,  which  appeared  as  a result  of 
overcharging  in  the  flow  of  rarefied  plasma  when  conducting 
laboratory  experiments  in  ionospheric  aerodynamics.  For  measurements 
was  applied  the  multielectrode  probe,  in  which  was 

realize/accompl ish ed  the  three-di mensiona 1/s pace  separation  of  the 
flows  of  fast  and  slow  ions.  It  is  establish/installed  that  the 
medium  energy  of  slow  ions  can  be  comparable  with  the  temperature  of 
electrons  in  flow,  and  these  ion  concentration  under  conditions, 
typical  for  experiments  in  ionospheric  aerodynamics,  it  is  more  than 
by  an  order  of  the  lesser  primary  ion  concentration. 

In  the  flows  of  the  rarefied  plasma,  utilized  in  experiments  in 
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ionospheric  aerodynamics,  together  with  the  primary  ions  whose  energy 
comprises  approximately  100  eV,  are  presant  also  the  ions,  which  have 
considerably  lower  energy  and  which  were  being  formed,  in  essence,  as 
a result  of  the  overcharging  of  high  energy  ions  on  neutral  atoms  of 
working  gas.  Thesa  ions  can  affect  the  structure  of  the  disturbed 
region  about  body,  if  their  concentration  proves  to  be  commensurable 
with  the  accelerated  ion  concentr a t ion  of  flow. 

In  works  [ 1]  and  [ 2]  it  is  made  the  attempt  to  evaluate  slow  ion 
concentration  in  the  flows  in  question  from  the  balance  of  production 
and  losses  of  thase  particles.  However,  their  estimations  give  only 
the  approximate  representation  of  datum,  since  loss  rate  of  slow  ions 
in  real  flows  does  not  yield  sufficiently  to  precise  calculation.  For 
purpose  of  the  determination  of  slow  ion  concentrations  the  authors 
[3]  was  measured  current  to  the  plate,  shielded  from  the  direct 
effect  of  fast  ions,  with  subsequent  processing  of  results  on 
formula,  to  Bohm's  analogous  formula  [ 4 ],  and  also  was  estimated  the 
concentrat ion  of  electrons  (and,  therefore,  under  the  assumption  of 
quasi-neut raiity/i nertness,  ion  concentration)  from  the 
characteristics  of  Langmuir  probe  in  that  region  of  near  trace,  into 
which  do  not  fall  fast  ions. 


Page  33. 


However,  in  the  first  case  before  the  plate  due  to  the  prasence  of 
screen,  appears  shadow  zone  for  primary  iops.  This  leads  to  the 
considerable  disturbance/perturbation  of  the  adjacent  to  plate  range 
of  plasaa,  since  precisely  fast  ions  give  tie  tasic  contribution  to 
the  concentration  of  the  positively  charged  particles  in  the  flows  in 
question.  As  a result  the  current  of  slow  icns  for  plate  can  in  terns 
of  uncontrollable  fora  differ  fron  the  current,  deternined  on  Bohn's 
usual  fornula.  During  the  use  of  the  second  nethod,  it  is  necessary 
to  consider  that  ion  concentration  in  near  trace  does  not  coincide 
with  ion  concentration  in  the  undisturbed  plasna,  since  in  the  region 
of  trace  it  depends  also  on  its  geometry  and  on  the  existing  there 
electric  field  in  which  the  ions  acquire  supplementary  speed. 


In  this  work  the  slow  ions,  which  are  in  experiments  in 
ionospheric  aerodynamics  background  for  a remaining  flow,  were 
investigated  with  the  aid  of  the  multielectrode  probe  whose 
construction  made  it  possible  to  isolate  slew  component  and  to  study 
its  characteristics,  without  introducing  in  then  essential 
distortions.  In  particular,  with  the  aid  of  multielectrode  probe  were 
determined  energy  of  these  ions  and  their  concentration  in  flow  at 
different  modes  of  operation  of  the  source  of  fast  ion^  and  the 
different  pressures  residual  gas  in  vacuum  chamber. 

Conditions  of  experiment  and  measuring  equipment.  Experiments 
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were  carried  out  In  the  ionospheric  wind  tunnel  whose  schematic 
diagram  was  shown  on  Fig-  1 or  was  in  more  detail  described  in  works 
[5]  and  [6].  The  flow  of  argon  plasma  was  created  with  the  aid  of 
gas-discharge  ionic  source  1 with  volumetric  ionization,  equipped 
with  the  filament  of  neutralization  with  2-  The  diameter  of  flow  in 
the  section/shear  of  source  was  approximately  80  mm,  the  half-angle 
of  the  solution/opening  of  flow  was  equal  tc  approximately  15°. 
Energy  of  primary  ions  was  equal  to  approximately  150  eV.  These  ion 
concentration  was  varied  in  the  range  10’- 1C*  c*'1. 

Vacuum  system  consisted  of  metallic  vacuum  caaera/chamber  3 by 
diameter  500  mm  and  length  2000  mm,  forevacuum  and  oil-vapor  pumps, 
and  also  the  vapor  trap  of  oil  4,  filled  by  liquid  nitrogen*  the 
application/use  of  liquid  nitrogen  prevented  the  appearance  of  oil 
films  on  electrodes  and  made  it  possible  thereby  to  improve  the 
conditions  of  the  work  of  probes  and  their  characteristic. 


/ 


J 


! 
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Fig.  1. 

Page  34. 

The  paraaeters  of  the  flow  of  the  rarefied  p lasma  were  aeasured  with 
the  aid  of  thermal  probes  by  6 and  Langmuir's  flat/plane  probes.  All 
probes  with  the  aid  of  coordinate  spacer  apparatuses  7 could  be 
establish/installed  at  any  point  of  flow. 

In  article  [ $ ] it  was  communicated  about  the  results  of  the 
investigations  of  the  work  cf  multielectrode  probe  under  conditions 
of  the  flow  of  tho  synthesized  rarefied  plasma  and  were  noted  the 
special  feature/paculiarities  of  its  characteristics  with  diagnostics 
of  such  flows.  However,  the  multielectrode  probe  of  normal  desiqn 
does  not  make  it  possible  to  measure  the  parameters  of  slow  ions, 
since  in  this  casa  to  the  collector/receptacle  of  probe  come  besides 
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slow  also  the  fast  ions,  which  give  the  contribution  to  the  total 
current  approximately  to  two  order  greater  than  slow;  as  a result 
low-energy  ions  virtually  cannot  be  isolated  from  total  current.  As 
already  mentioned  above,  the  separation  of  ion  flows  out  of  probe  is 
undesirable  and  it  must  be  carried  out  within  probe.  Por  this 
purpose,  in  this  work  was  used  the  method  of  the 

three-dimensional/space  separation  at  basis  of  which  lieA^sts  the 
fact  that  the  fast  ions  in  the  multielcctrode  probe,  oriented  by 
their  diaphragm  in  parallel  to  the  axle/axis  of  flow,  can  fall  only 
to  one  half  of  col  lector/receptacle  5 (see  Fig.  1),  if 
correspondingly  is  selected  the  geometry  of  input  diaphragm,  the 
depth  of  probe  and  its  location  with  respect  to  ionic  source,  whereas 
slow  ions,  under  the  assumption  of  the  approximately  naxwellian 
distribution  of  their  speeds,  must  enter  approximately  evenly  both 
halves.  Thus,  if  collector/receptacle  is  is  cut  and  is  recorded 
current  on  that  half,  on  which  enter  only  slow  ions,  then  it  is 
possible  to  obtain  the  information  about  the  parameters  of  this 
component.  It  goes  without  saying  that  probe  in  flow  must  be 
arrange/located  so  that  to  the  opening/aperture  in  its  input 
diaphragm  could  approach  fast  ions  of  all  cells  of  the  ion-optical 
system  of  the  source  (otherwise  about  diaphragm  will  arise  shadow 
zone),  i.e.,  probe  must  be  located  at  a distance  from  the  axle/axis 
of  jet  not  smaller  than  a radius  of  the  grids  of  source. 


j 
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Fig.  2. 

Fig.  3. 

Page  35. 

The  construction  of  the  multielectrode  probe  which  was  utilized 
in  experiments,  is  schematical ly  shown  on  Fig.  2.  Probe  consisted  of 
■etal  housing  1,  teflon  bushing  2,  input  diaphragm  3,  limiting  the 
flow  of  charged  particles  inside  probe,  three  flat/plane  orthogonal 
grids  4 with  the  cells  0. 1 x 0.1  mm,  two  collector/receptacles  5 
and  6 and  insulating  teflon  washers  7.  Collector/receptacles  were 
made  from  the  stainless  steel  in  the  form  of  the  simidiscs,  divided 
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between  themselves  by  clearance  0.2  mm  in  width.  Flat/plane 
orthogonal  grids  were  manufactured  during  rings  from  the  tungsten 
filaments  0.01  mm  in  diameter.  Diaphragm  represented  by  itself 
fine/thin  disk  made  of  the  stainless  steel  C.5  am  in  thickness  with 
the  slotted  groove  31  x 3.8  m.  Slotted  groove  in  diaphragm  and  the 
clearance  between  collector/receptacles  were  side-by-side  to  each 
other.  Diaphragm  came  into  contact  with  grid  Ct  (Fig.  3)  and  it  was 
connected  with  it  electrically,  and  the  distance  between  the 
remaining  electrodes  of  probe  was  3 am.  The  number  of  grids  of  probe 


was  selected  minimum,  necessary  for  the  cutcff  of  electrons  and 
analysis  of  ions  on  energies.  The  space  of  cells  in  these  grids  was 
by  an  order  of  lesser  Debye  screening  distance  in  plasma. 


During  the  analysis  of  the  slow  ions  of  flow,  was  utilized,  in 
. essence,  the  circuit  of  potential  distribution  between  the  electrodes 

' of  probe,  depicted  on  Fig.  3.  It  made  it  possible  to  carry  out,  as 

showed  preliminary  experiments,  the  most  effective  recording  of  these 
ions,  on  this  circuit  as  zero,  is  accepted  the  potential  of  the  wall 
of  vacuum  chamber,  — potential  of  plasma.  Electronic  component 
was  intercept/detached  by  the  electric  field,  created  between  grids 
Cj.  and  C3,  but  tha  analyzing  potential  was  applied  to  grid  C2.  For 


] 


the  depression  of  secondary  electron  emission  from 
collector/receptacle,  the  latter  had  the  positive  potential  of 
relatively  nearest  electrode. 
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The  electric  field  of  input  diaphraga  and  grid  Ct  can 
substantially  affect  the  penetration  of  charged  particles  inside 
probe,  if  the  potential  of  giver  electrodes  is  different  from  the 
potential  of  plasaa  which,  in  turn,  is  known  only  approxinately. 

Under  these  conditions  for  conpletely  reao ve/taking  the  of  energy 
distribution  of  slow  ions,  to  diaphraga  and  grid  Ct , was  supplied  the 
potential,  close  to  the  potential  of  plasaa,  but  knowingly  negative 
with  respect  to  it.  The  housing  of  probe  was  found  always  under  the 
floating  potential.  The  supply  of  probe  was  realize/accoaplished  from 
batteries.  Since  there  was  an  assuaption  that  in  the  flows  of  plasaa, 
created  with  the  aid  of  ionic  sources,  can  be  present  because  of 
overcharging  the  slow  ions,  which  have  the  concentration,  coaparable 
with  the  concentration  of  fast  ions  (~108  ca'J)  , and  temperature, 
close  to  room,  probe  and  registering  apparatus  were  designed  to  that 
in  order  with  confidence  to  record  slow  ions  with  such  parameters. 

flultielectrol e probe  was  establish/installed  at  a distance  by  40 
mm  from  the  axle/axis  of  the  flow  of  plasma  in  such  a way  that  its 
diaphragm  was  oriented  in  parallel  to  the  axle/axis  of  flow,  and  long 
side  of  slotted  groove  in  diaphragm  was  arrange/located  perpendicular 
to  this  axle/axis.  This  orientation  of  probe  eliminated  the 
f oraa.  tion/education  of  shadow  for  fast  ions  about  diaphragm  and  their 

I 

1 
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incidence/impingament  to  the  collector /receptacle,  arrange/located 
nearer  to  gas-discharge  ionic  source. 

Let  us  examine  a question  concerning  the  effect  of  the  geometry 
of  the  input  electrodes  of  probe  on  the  fora  of  its  volt-ampere 
characteristic. 

Pa  ge  3 6. 

In  work  [7]  it  was  shown,  that  the  input  grid  of  probe  does  not  in 
practice  affect  the  fora  of  characteristic,  if  the  size/ dimensions  of 
its  opening/apertures  h and  the  thickness  of  rod  d satisfy  condition 
h/d  ^ 2.  In  the  conducted  investigations  this  sense  was  equal  to  10, 
and  therefore  this  factor,  as  final  thickness  of  grid,  was  not 
exerted  a substantial  influence  on  the  results  of  measurements. 

Another  factor  which  can  affect  the  form  of  voltage-current 
characteristic  of  multielectrode  probe,  is  the  relationship/ratio 
between  the  size/dimension  cf  input  diaphragm  and 

collector/receptacle  or  any  other  the  attract/tightening  particles 
electrode  after  passage  of  which  they  with  the  probability,  close  to 
unit,  fall  to  the  collector/receptacle  (for  example,  this  electrode 
in  the  circuit,  given  to  Pig.  2,  is  grid  Cs).  The  value  of  this 
relationship/ratio  determines  the  particle  flux  which  goes  out  to  the 
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side  walls  of  probe.  Since  this  flow  is  caused  by  the  particles, 
which  have  the  snail  component  of  velocity  along  the  axle/axis  of 
probe  and  considerable  that  composing  speeds  across  this  axle/axis, 
absence  of  particles  with  such  components  of  the  speed  in  flow  to 
collector/receptacle  can  lead  to  the  distortion  of  volt-ampere 
characteristic  in  the  range  of  values  of  the  analyzing  potential, 
close  to  the  potential  of  plasma. 

If  diaphragm  fine/thin  and  the  size/d iiension  of  its  inlet  is 
small,  then  the  second  factor  can  be  taken  into  account  by 
introduction  into  formula  fcr  flow  to  the  ccllector/receptacle  of  the 
value  of  the  solid  angle,  at  which  the  collector/receptacle  is 
visible  from  the  opening/aperture  of  diaphragm.  However,  in  the 
general  case  integral  transforms  fcr  the  determination  of  particle 
flux  must  be  carried  out  taking  into  account  the  finite  dimensions  of 
collector/receptacle  and  inlet  in  diaphragm.  For  the  case  when 
diaphragm  fine/thin  and  radius  R0  of  ccllector/receptacle  is  great  in 
comparison  with  the  sides  of  slot  in  diaphragm,  these  transforms  for 
the  flow  of  the  Maxwellian  particles  to  collector/receptacle  whose 
energy,  connected  with  motion  along  the  axle/axis  of  probe,  is  more 
value  e*,  they  lead  to  the  following  expression: 


Here  m - mass  of  particles,  n - their  concentration,  T - temperature. 


./  | / kT 
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k - Boltzmann  constant,  Stt  — area  of  opening/aperture  in  diaphragm, 
R0  - radius  of  col  lector/receptacle,  z0  - distance  between  the 
diaphragm  and  the  collector/receptacle. 

As  already  mentioned  that  the  examined  abcve  factors  most 
strongly  distort  volt-ampere  characteristic  of  probe  with  the 
analyzing  potentials,  close  to  the  potential  of  plasma,  i.  e.  , with 
e*/kT  ~ 0.  Under  conditions  of  experiment  this  distortion,  as  show 
the  estimations,  carried  out  according  to  formula  (1),  it  did  not 
exceed  lOo/o,  which  lie/rests  at  limits  of  accuracy  of  the 
measurements  of  the  parameters  of  plasma  by  probe  procedure. 

The  calculation  of  slow  ion  concentrations  according  to  the 
characteristics  of  multielectrode  probe  was  performed  taking  into 
account  the  transparency  of  the  grids  of  probe  a,  which  was 
determined  from  the  method,  described  in  work  [8],  and  it  was  equal 
to  0.5  for  the  applied  geometry  of  probe  and  distribution  of 
potentials  between  its  electrodes,  and  also  for  typical  energy  of 
slow  ions. 

Page  37. 

Results  of  experiments.  For  obtaining  the  reliable  information 


about  the  parameters  of  slow  ions 


were  first  of  all  studied  the 


i 
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characterist  ics  of  multielectrode  probe.  Here  investigated  the  curved 
delays  of  ion  current  to  the  collector/receptacle,  recording  only 
slow  ions,  and  to  the  collector/receptacle,  accumulating  besides  slow 
also  fast  ions;  were  compared  the  results  of  the  processing  by  the  ! \ 

different  methods  of  volt-amperes  characteristic;  there  was  studied 
the  effect  of  tha  potentials  of  input  diaphragm  and  grids  of  probe  on  ; 

the  form  of  these  characteristics. 


Fig.  4a,  givas  on  usual  scale  the  characteristic,  which  shows 
the  dependence  of  ion  current  to  the  ccllector/receptacle  of  the 
aultielectrode  probe,  which  accumulates  only  slow  ions,  from  the 
analyzing  potential  <■>',,  for  the  case  when  the  potential  of  plasma 
about  probe  was  egual  to  approximately  5 V the  potential  of  diaphragm 
and  grid  Ct  it  was  4 V,  and  the  potential  of  grid  C3  was  equal  to  -30 
V.  In  Fig.  4b,  this  same  the  characteristic  is  constructed  on 
semilogar ithmic  scale.  Measurements  were  carried  out  at  a distance  of 
52  cm  from  the  section/shear  of  ionic  source,  pressure  in  vacuum 
chamber  was  approximately  8«10-3  Pa. 


As  a result  of  processing  voltage-current  character istic, 
depicted  on  Fig.  4a,  with  the  potentials  V„,  higher  than  the 
potential  of  plasma  U„„,  can  be  determined,  as  is  known,  the  values  of 
the  medium  energy  of  particles  in  flow  E and  their  concentration  n. 

In  the  general  case  these  values  as  follows  are  expressed  through  the 
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parameters,  recorded  by  the  aultielectrode  probe: 


■fell. 


'o 


f dj' , 


(2) 


(3) 


where  I0  - current  to  collector/recept acle  with  the  analyzing 
potential,  equal  to  the  potential  of  plasma;  t - potential  difference 
between  analyzing  electrode  and  plasma,  e - electron  charge,  m - mass 
of  particle,  j - current  density  of  particles  for 

collector/receptacle,  j'0  = dj/d*  - value  of  this  derivative  with  * = 
0.  In  particular,  during  the  Maxwellian  distribution  E = kT. 
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Page  38. 

In  the  conducted  investigations  treataent/wcrking  voltage-currents 
characteristic  of  probe  in  accordance  with  for aulas  (2)  and  (3)  was 
conducted  graphically. 

On  the  other  hand,  for  deteraining  the  concentration  of  slow 
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ions  and  their  temperatures  it  is  possible  to  attempt  to  utilize  a 
usual  aethod  of  treating  volt-amperes  characteristic,  since  the 
characteristic,  constructed  on  the  seailogarithaic  scale  (see  Pig. 

«b),  in  range  of  values  Ua.  higher  than  the  potential  of  plasaa,  it 
represents  by  itsalf  straight  line,  and  therefore  the  distribution  of 
the  falling  into  probe  slow  ions  it  is  possible  to  approximately 
describe  by  the  function  of  Maxwell,  which  corresponds  to  certain 
tenperature  T.  It  is  logical  that  this  description  is  not  strict, 
since  in  actuality  the  slow  ions,  which  appear  in  the  flows  in 
question,  are  not  located  in  state  of  eguilibriua;  however,  it  aakes 
it  possible  to  deteraine  the  basic  parameters  of  these  ions, 
utilizing  a usual  procedure  of  probe  measurements.  The  parameters  of 
slow  ions  in  the  flow  of  the  rarefied  plasma,  determined  by  the 
characteristics  of  probe  by  both  methods,  are  given  in  table.  In  this 
table  z - distance  from  the  section/shear  of  ionic  source  to  probe,  p 
- pressure  in  vacuum  chamber,  A - results  of  processing 
characteristics  on  formulas  (2)  and  (3) , V ~ analogous  results, 
obtained  under  ths  assumption  of  the  Haxwellia>n  distribution  of  slow 
ions,  C - parameters  of  the  flow  of  the  plasaa,  measured  by 

flat/plan*  probe,  B - aadiua  energy  of  slow  ioas,  T - their 

"temperature",  n - the  concentration  of  these  ions,  rr-  temperature 

of  electrons,  nQ  - fast  ion  concentration.  From  the  data  of  tattle,  it 
follows  that  both  the  aethod  of  the  treatment  of  experiaeatal 

aaterials  lead  to  the  satisfactorily  matching  between  themselves 


results 


Li- 


The  experiaents  in  which  was  investigated  the  effect  of  the 
potential  of  input  diaphragm  and  grid  Ct  09  recording  of  slow  ions, 
showed  that  this  potential  created  barrier  for  woving  the  ions,  if  it 
proved  to  be  above  the  potertial  of  plasaa.  The  observed  effect  is 
explained  by  the  fact  that  under  the  conditions  of  the  experiment  the 
distance  between  the  rods  of  grid  C(  was  by  an  order  of  lesser  Debye 
screening  distance;  therefore  electric  field  about  this  grid 
effectively  affected  the  slow  ions.  In  order  under  these  conditions 
to  obtain  the  complete  energy  distribution  cf  slow  ions,  to  diaphragm 
and  grid  Ct  in  basic  experiaents,  was  supplied  the  potential  t 
approxiaately  on  2-3  V the  lower,  than  potential  of  plasaa.  is  it  was 
establish/installa d in  special  experiaents,  at  such  values  Un  the 
saturation  current  of  slow  ions  for  the  collector/receptacla  of  the 
probe  virtually  did  not  depend  on  value  Up,  what  is  the  necessary 
condition  for  deteraining  of  these  ion  coaeentrations  froa 
volt-aapere  characteristic. 
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These  experiments  showed  that  the  potential  of  input  diaphraga  and 
grid  C | does  not  in  practice  affect  the  fora  of  that  part  of 


voltage-current  characteristic  which  lie/rests  above  the  potential  of 
plasaa  and  from  which  is  determined  the  energy  distribution  of  ions. 


Analogously  the  value  of  the  potential  of  grid  C,  during  its  change 


in  the  range  10-63  V did  not  affect  the  fora  of  the  recorded  energy 
distribution  of  slow  ions  and  the  value  of  the  created  by  then 


saturation  current  the  collector/receptacle  of  probe 


Proa  volt-aaperes  characteristic  of  ion  current  to  the  second 
collector/receptacle  of  aultielect rode  probe,  it  was  established  that 
this  collector/receptacle  really  receives  fast  ions,  if  probe  is 
located  near  source.  During  removing  it  froa  the  section/shear  of 
source  up  to  the  sufficiently  large  distance,  with  which  fast  ions 
fell  to  probe  at  snail  angles  and  did  not  reach  collector/receptacle, 
in  the  circuit  of  the  second  collector/receptacle  there  were  recorded 
approximately  the  sane  values  of  the  curreat  as  in  the  circuit  of  the 
first,  to  which  fall  only  slow  ions.  The  syaaetry  of  the  location  of 
collector/receptacle  with  respect  to  slot  in  diaphraga  was  checked  in 
these  experiaents  via  the  rotation  of  proba  on  180°. 
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In  the  present  nock  the  concentration  o£  slow  ions  in  the  flow 
of  the  rarefied  plasaa  and  their  temperature  were  aeasured  with 
different  value  of  pressure  basin  in  vacuua  chanber  and  at  different 
distances  fron  source.  Before  these  neasureaents  were  recorded  with 
the  aid  of  flat/plane  probe  and  thernal  prole  fundamental  streaa 
conditions  and,  in  particular,  the  potential  of  plasma.  In  the 
measured  value  U„,  was  selected  the  potential  of  input  diagram  and 
grid  Ct  of  anltielectrode  probe.  Grid  C3  usually  had  potential  -30  V. 

Fron  the  results  of  the  experiments  conducted,  presented  in 
table,  it  follows  that  the  medium  energy  of  slow  ions  in  flow  two 
order  almost  by  exceeds  analogous  value  for  an  inert  gas  (-0.03  eV) 
in  vacuum  chamber  and  it  is  close  to  the  medium  energy  of  electrons. 
This  fact,  it  is  probable  that  it  attests  to  the  fact  that  the  slow 
ions,  which  appear  with  overcharging,  obtain  supplementary  energy  in 
the  electric  fieli  which  is  present  in  the  flow  of  the  rarefied 
plasma.  It  was  establish/installed  also  that  slow  ion  concentration 
decreases  along  the  axle/axis  of  flow;  however,  its  relation  to  fast 
ion  concentration  in  this  case  somewhat  grow/rises,  apparently,  due 
to  more  rapid  decrease  of  value  n0  in  jet,  caused  by  the  expansion  of 
jet  and  by  overcharging.  From  table  it  follows  that  slow  ion 
concentration  in  the  flow  of  the  rarefied  plasma  at  the  pressure  gas 
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in  vacuua  chanbec  below  6.5*10  3 Pa  (i.e.  under  the  noraal  conditions 
of  experiaent  in  ionospheric  aerod jnaaics)  coaprises  less  than  lOo/o 
of  the  fast  ion  cancentration  of  flow,  and  therefore  the  background 
of  slow  ions  exerts  in  the  aajority  of  the  cases  weak  effect  on 
shaping  of  the  structure  of  the  disturbed  range  about  aodel. 
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ESTIMATION  OF  CHANGE  OF  THE  AHPLITODE  OF  OSCILLATIONS  IN  A LINEAR 
TI HE- DEPENDENT  SYSTEH  H IT H ONE  DEGREE  OF  FREEDOM. 

Y.  A.  Yaroshevskiy . 

Are  investigated  soae  properties  of  linear  oscillatory  systea 
with  alternating/variable  hardness.  Priaary  attention  is  devoted  to 
the  case  when  the  asyaptotic  aethod  of  deteraining  the  aaplitude  of 
oscillations  becoaes  inapplicable  in  certain  interaediate  tiae 
interval  and  when  the  initial  phase  of  oscillations  is  not  strictly 
deterained . 

The  solution  of  soae  probleas  of  flight  dynaaics  is  reduced  to 
the  study  of  linear  unsteady  oscillations.  For  exaaple,  such  tasks 
include  the  analysis  of  the  aotion  of  noncontrcllable  flight  vehicle 
about  the  center  of  aass  in  unsteady  flight. 

It  is  known  that  it  is  possible  to  find  the  exact  solution  of 
the  linear  second  order  equation  with  variable  coefficients  only  in 
special  cases.  If  the  equation  describes  the  behavior  of  oscillatory 
systea  with  slowly  changing  paraaeters,  for  the  deterainat ion  of 


F 
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approximate  solution  very  effective  proves  to  be  the 
Bentxel-Rraners-Brillouin  method  [ 1 ].  However,  the  evaluation  of  the 
accuracy /precision  of  VKB-sclution  proves  tc  be  difficult, 
furthermore,  not  it  is  always  clear,  which  character  has  deviation  of 
a VKB-solution  from  precise.  Let  us  attempt  to  evaluate  these 
deviations  and  to  examine  being  inherent  in  them  laws. 


Let  us  examine  the  linear  equation  of  the  2nd  order: 

.v' J /<f>v«o.  (i) 

Be  search  for  foraally  the  solution  of  equation  in  the  form 


then 


Page  *2. 


y = <4(0siny(f), 

y'  = A'  sin  y A A cosy  ?'. 

v"  .4"sin  y -f-  2 A y'cosy — .4  slny  y'*  A cosy  -y" 


Substituting  thesa  expressions  in  equation  (1)  and  equalizing  the 

coefficients  of  sin  * and  cos  #,  we  will  obtain  system  of  equations: 

A"  — .4y'’  i fA  --  0,  (-») 

Ay  } -JA'f'^V  ( i ) 

Squat  ions  (2)  and  (3)  still  dc  not  determine  unique  solutions 

for  4(t)  and  #(t).  This  ambiguity  is  removed  by  the  assignment  of 
initial  conditions  in  the  forn 


I y'M « iS 


A (f„)  0, 


m f (O  - 


\(r„)l  MU 


f (O  "•  l /<*») 
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Froi  relationship/ratic  (3)  we  will  obtain  #•  * c/A*,  and 
equation  (2)  acquires  the  following  fora: 

r , f.\  -o.  l^) 

where 

C*  f(t0)A'(tu). 

If  function  f (t)  changes  slowly,  then  in  equation  (5)  tern  A»  ' 
can  be  disregarded  and  obtained  VKB-  solution: 


Let  us  exanine  such  case  when  applicability  condition  of  the 
Wentxel-Kraaers-Br illouin  nethod  on  certain  interaediate  section  is 
disrupted,  i.e.,  f (t)  is  at  first  the  positive  slowly  changing 
function  of  tine,  it  then  changes  with  the  arbitrary  fora  (it  can 
take  even  negative  values)  and  after  this  it  again  becomes  the 
positive  slowly  changing  function-  One  of  tbe  aost  effective  aethods 
in  this  case  is  the  use  of  "standard"  equations  [2  5- 

Let  us  exanine  the  qualitative  character  of  the  difference  for 
exact  solution  froa  VKB-  solution. 
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Let  us  note  the  analogy  of  equation  (5)  with  the  equation,  which 
describes  three-dl sens ional/space  pendulua  oscillations  with  saall 
aaplitude  in  variable  gravitational  field.  In  this  case 

*('). 

A - angle  between  the  axle/axis  of  pendulua  and  the  vertical 

line. 


t - distance  from  the  center  of  gravity  to  suspension  point. 


a,  J - aass  and  aoaent  of  the  inertia  of  pendulua. 


g (t)  - variable  acceleration  of  gravity  force  (for  example,  see 

[3]). 


If  function  f (t)  >0  changes  slowly,  then  for  determining  the 

change  in  the  amplitude  of  angle  A it  is  possible  to  apply  the 
relationship/ratio,  obtained  in  the  "theory  of  adiabatic  invariants" 
[4]  (see  also  [3]  and  [5]): 

'n*,I 

/ * ll 

I—  I —dt  (A)dA^  const,  (7| 

\nln  • 

where  dA/dt  (A)  is  determined  during  the  solution  of  equation  (5) 
with  the  "frozen"  value  of  f. 


Page  43 
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Let  us  assuie  that  the  pendulum  motion  is  at  first  regular 
precession  relative  to  vertical  line  and  that  the  function  f(t) 
changes  slowly.  Then,  as  can  easily  be  seen  that  integral  I is  equal 
to  zero  and  by  A it  is  determined  from  relationship/ratio  (6).  Thus, 
the  case  of  quasi- regular  precession  corresponds  to  VKB-solution  of 
equation  ( 1)  . 

i 4 


Let  now  teri  f (t)  in  equation  (5)  on  certain  intermediate 
section  change  rapidly,  so  that  relationship/ratio  (7)  here  is  not 
fulfilled.  Then  the  solution  of  equation  (5)  o-n  the  last/latter 
section  where  relationship/ratio  (7)  again  becomes  used,  it 
corresponds  in  the  general  case  to  fluctuations  A of  relatively 
"equilibrium"  value  -4.  — } This  "equilibrium"  value 

coincides  with  ?KB-  solution  and  corresponds  to  the  case  of 
quasi-regular  precession.  It  he  physical  sense  of  transition  from 
guasi-regular  precession  on  the  first  section)  to 

oscillations  (on  the  third  section)  lies  in  the  fact  that  on 
interaediate  section,  during  the  rapid  change  f (t)  , the  pendulum 

I seemingly  obtains  the  senses  which  der ive/ccnclude  it  from  rotation 

state  about  vertical  line. 


Prom  the  aforesaid  it  is  clear  that  A ceases,  strictly  speaking, 
to  be  the  "amplitude"  of  notion  changes  so  rapidly  as  sin  *.  Let  us 
show  that  depending  on  the  initial  value  of  phase  ♦„  amplitude  the 
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variable  y at  one  and  the  sane  value  Aa,  we  can  take  on  the  third 
section  different  values  within  linits  fron  A min  ( t ) to  where 

4min  and  ‘dtnn  they  are  the  outer  linits,  which  correspond  to 
oscillations  alternating/variable  A,  and,  as  it  is  easy  to  show  that 

Amin  Am,tTt  ^ A 1. 

Let  in  the  process  of  quasi-per iodic  notion  on  the  third  section 
A it  reach  values  4n.„,  in  point  t,.  let  us  select  this  value  of 
initial  phase  #(t0)  on  the  first  section,  in  order  to  e(tt)  = v/2  ♦ 
vn.  Then  anplitude  y will  coincide  with  Ami„.  It  is  real/actual,  let  us 
^•ternine  a change  in  the  phase  a for  tine,  when  A will  increase  fron 
•4mlii  to  /4mn,  (t|  < t < t j)  : 


(since  ft1 

nitn 


Consequently,  at  the  greatest  value  4 — value  h * vn  and  y = 


0,  bub  when  A = Am 
parity  n. 


value  a 


vn  ♦ v/2,  i.  e.,  3'”  ± /1min  depending  on 


' 


./ — 
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If  we  icve  initial  phase  #(t0)  on  v/2,  then  we  will  obtain  the 
opposite  case  - oscillation  y on  the  third  section  they  will  occur 
with  amplitude  /*«..•  At  other  values  #(t0)  we  will  obtain  the 
internediate  values  of  amplitude. 


A#(t0)  = A#o#  then  #(t,)  * w/2  ♦ A#0  and  at  the  low  values  t-tt 


+ Afo 


f C JA 

J aj  jal 


(A) 


where  dA/lt  (A)  is  deterained  during  the  solution  of  "froxen" 
equation  (*>). 


For  the  deter  ainat  ion  of  the  aaxiaun  of  expression  A sin  #(A) 
let  us  differentiate  it  on  A and  will  sake  equal  to  zero: 

sin  f (/t)  ) A cos  f ( A ) ( A ) — 0. 


After  solving  this  equation,  let  us  find  values  of  A and  ♦ , that 
correspond  to  the  aaxiaaa  value  of  value  A ain  #: 


3 1 l/  r »/  *"  f lg»  Ay,, 

* V I / V *•  + HJS  if,, 


sill  f (.1)  - 


1 (*’  I IK'^»)(I  I 


^4  sin  <f  (.4)  \ t 


('  | k*  cos’  A^.i  | sinM,',, 


Here  paraaeter  k — 1 deters  inei  the  aaxiaua  possible 

A*  Vll 
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difference  for  the  true  amplitude  of  oscillations  froa  the  aaplitude, 
deterained  according  to  the  Wentzel-Kraaers-Brillouin  aethod.  During 
a slow  change  in  function  f (t)  >0  paraaeter  k < 1 retains  constant 
value,  which  is  easy  to  perceive  froa  the  rule  of  the 
preservation/reten tion/aainta ining  of  adiabatic  invariant. 


In  many  instances,  which  represent  practical  interest,  the 
initial  value  of  phase  is  not  the  strictly  fixed/recorded  value,  then 
the  task  of  the  J a term ination  of  the  amplitude  of  oscillations  on  the 
third  section  acquires  probabilistic  character,  since  A sin  #(A)  is 
determined  by  the  initial  value  of  phase.  Let  us  consider  that  the 
values  of  A*0  are  assigned  in  the  range  froa  by  zero  to  r/2 
equiprobable,  and  let  us  consider  that  the  values  of  amplitude  are 
proportional  to  value 


/a  A Kill  <f  (/A)  | k{  i os-  0 t sm-  A(f>„ 


(Fig.  1)  . Then 


P (»i)  - 


•i'l 

■ » l v 


(«) 


mw=  eo  i v)  i, 

where  E(u)  - complete  elliptic  integral  of  the  2nd  kind.  Kith 

1 value  M(»i)  - I.  with  k — » 0 valueM(i)) -~-,i.e.,  with  the 

disturbance/breakdown  of  the  evenneaa  of  a change  in  function 
the  aaplitude  "on  the  average"  always  grow/rises. 


k 


f (t) 
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Analogously  is  natter  with  the  aultipcle  loaents,  for  exaaple, 

M (V)  ~ ‘ 2**'  I 

(Pig.  2).  For  valee  In  T((|ln  t||«:  In -j  ) we  will  obtain 

M (Inn)  “ In  * ■ <9> 

Let  us  atteapt  to  exaaiae  soae  characteristic  cases  of  "uneven" 

change  in  function  f(t)  on  interaediate  section  and  let  us  calculate 
for  tlrea  the  appropriate  values  of  paraaeter  k,  which  unaabiguously 
characterizes  the  distribution  of  the  probable  aaplitudes  of 
oscillations  on  last/latter  section.  In  principle  for  this,  it 
suffices  to  obtain  the  solutions  of  equation  (5)  under  the  initial 
conditions 

•t'<0  = A'(tu)=  0. 

At  the  saae  t iae  it  is  easy  to  ascertain  that  the  solutions  of 

equation  (*»)  can  be  expressed  by  y,  (t)  and  y*(t)  - the  linearly 

independent  solutions  of  equation  (1): 

A (t)—  Vy\  i v* . (Id) 

Therefore  during  the  calculation  of  paraaeter  k to  it  is  possible  or 

directly  utilize  an  equation  (5)  or  to  investigate  expression  (10) 

taking  into  account  asyaptotic  representations  for  the  solutions  of 
linear  equation  (1). 


Let  us  exanine  at  first  the  siaplest  cases  for  which  it  is 
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convenient  to  utilize  directly  equation  (5). 

^ * Positive , piecewise  saooth,  slowly  changing  function 
which  suffers  diszontinuity/iaterrnptioa  at  certain  point 

/(/-0)-/„  /('/  + 0)-/,. 


Then 


(in 
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fig-  1- 

fig.  2. 

Page  46^ 


2.  /ft)  - positive,  slowly  changing  function,  to  which  at  aoaent 

of  tiae  t is  adds!  6-function,  multiplied  by  constant  S.  Then 

i l/  S*  Ut 

* • V 1 + J/  ±t  yj  • oa> 

Conclusion/derivation  for  aula  (11)  and  (12)  is  sufficiently  simple 
and  therefore  it  is  not  brought. 


3.  Let  us  examine  case  of  slow  change  in  variable  coefficient  of 


Substituting  this  expression  in  equation  (5)  and  reject/throwing 
snails  of  higher  order  relative  to  6k0  we  will  obtain 


M'  * 4«>M  « [y  3)  • (13) 

i.e.  functions  AA  are  characteristic  oscillation  with  double 
frequency  with  respect  to  oscillations  y.  By  the  way,  on  the  basis  of 
equation  (13)  it  Ls  possible  to  assune  that  AA  grow/rises  nost 
intensely,  if  in  the  right  side  of  equation  (13)  is  present  the 
harnonic  of  double  frequency  2w  (resonance).  This  is  confirned  based 
on  the  exanple  of  Nathieu  functions. 

Since  is  above  introduced  the  assunption  about  the  fact  that  the 


deviation  of  the  exact  solution  of  equation  (5)  fron  the  asynptotic 
is  low  value,  solution  of  equation  with  double  frequency  in  terns  of 
the  fact  will  nore  insignificantly  differ  fron  the  asynptotic. 


DOC  - 78067903 


PAGE 


III 


Consequently,  in  the  first  approximation,  the  solution  of 
nonhoaoqeneous  equation  (13)  can  be  obtained  during  the  use  of 
asymptotic  solution  of  homogeneous  equation  and  Du  ha me  1 integral. 

Taking  into  account  initial  conditions  6A  (t0)  * 6A*  (ta)  = 0, 
after  integration  we  will  obtain  in  parts 

lil  4^** 

i /“If"  r f 1 "5T 

M 4 V 7T(f)  J c0*  | 2 j -<“M“  ] 2m  (t)  * <■<) 

It  is  not  difficmlt  to  ascsrtaim  that  expression  (18)  with  t > t, 
determines  harmonic  oscillations  with  double  frequency  2w  and 

amplitude  where 

sl-»- 


V 


C 

(0 


»,  [ '• 
r C*p  f - (u)tfu 

</«» 

<t> 

;!  1 ’ 

(15) 


As  a result  we  obtain  the  formula,  which  characterizes  small 
deviation  of  accurate  result  from  the  asymptotic  and  at  the  same  tine 
which  gives  the  criterion  of  the  applicability  of  asymptotic  method 
[right  side  (15)  it  must  be  considerably  less  than  the  unit].  In  a 
series  of  the  cases  of  value  t0  and  tt,  it  is  possible  to  replace  by 
— and  •. 

If  we  describe  the  "slowness"  of  a change  in  the  function  by  the 
parameter  «|/  then  with  decrease  « value  1-k  will  vanish  for 

analytic  function  /<«n  this  tendency  toward  zero  it  is  determined  by  a 
formula  of  type  a «■*!'  (-  /*■  ">•  where  n > 0. 

In  the  examination  of  other  examples,  it  is  possible  to  utilize 


j 
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asymptotic  properties  of  standard  ("  standard")  linear  equations  [2], 


< 


1 
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*.  Lat  slowly  changing  function  f (t)  be  positive  with  t < ta  and 
t > t,,  but  in  interval  ta  < t < tf,  is  negative: 

f(t)  - ?(«m»  - i,)(t  - '■,)■ 

where  *-  series  expansion  pa  case  tec,  7\«n>o. 


As  "standard"  equation  is  this  case,  usually  is  utilized  the 
equation  of  weber  [1]  o lD  exactly  the  saae  wanner 

it  is  possible  to  utilise  here  for  equation  (5)  as  standard  the 
equation 


A"  HP-  A r-  ^ (|6) 

of  solution  of  which  they  are  expressed  as  the  liaearly  independent 
solutions  of  the  aquation  of  weber  y”a  and  2: 


* - l >*  -t  y] 

let  us  aake  a replaceneat  of  variables:  A (t)  = u^  (t) , vdt  = At. 
Selecting  u and  v in  each  a way,  that 

W C>*  - <?, 

(IT) 

we  will  obtain: 


if 


MV  l U 
MV  II 


is  considerably  less  than  T»  and  a*, 


(18)  traasfer/con verts  into  equation  (16) 


(IA) 

then  equation 


i 


ccaaunication/conn action  between  t tad  t: 

ji  I /'JO) ' 

*’  M * ' 

So  that  the  radicand  would  be  positive,  is  necessary  satisfaction  of 
conditions  t(tg)  - -a,  t(t2)  = a.  These  conditions  aake  it  possible 


to  determine  constant  a: 


<t  • 

j V — /(T)rfT—  | I rt,l r r,‘ 


Lt  is  not  difficult  to  see  that  coefficients  k for  equations  (5) 
and  (18)  coincide.  Exaaining  standard  equation  (16),  we  find  solution 


of  A which  with  t 


-•  is  determined  by  the  foraulas: 


} (M  = 4 . * (?)  * 0 

» O 

It  is  not  difficult  to  ascertain  that 


where  y,  and  y2  with  t 


Page  68. 


S„r7;T}T 

--  they  are  deterained  by  VK  B-  solutions: 


/• 

cos  J- 

VT  ■ 


V n 


Further,  utilising  Stokes'  rule  [1],  we  establish 
coasunicat  ion/con  a ect  ion  between  ? KB-  solutions  with  — > — and  t 

—*  This  coaaunication/connection  is  deterained  by  the  foraulas: 


with  t 


> 


:*■ — rr*- 
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I-  tJ 

K I'O*  1 L Sill  y 

I -r 

\ I * 

I*  f- 

■W  cos  ,,  t-,Vsln-y 


where  K,  L,  (1,  N * sob*  constants,  which  depend  on  Stokes'  constants. 


After  this  it  is  not  difficult  to  show  that 

• _ K*  *-  L*  4-  At>  + N*  ( y (K>_f  AT  I*  V’’)-  t * (Kl  M.\\j 


k- 


In  tha  case  in  question  we  obtain 


t.  . * l i + 1 1*  . 

or,  taking  into  account  (19), 


1 , 

/ 1 r» 

j 

r f,  | 

* 1 

I 

[■  1 + *M>  1 

l f, 

/ ( 0 <it  1 

.<  flp  j 

hi- '(’»./<  . 

1 J 

(2D 

5.  Let  function  f (t)  be  represented  in  the  forn 

/(/)  ».)'  f **|. 

where  7(«)  slowly  changing  positive  function.  Coefficient  k for 
this  equation  is  ieterained  by  the  foreula,  analogous  (20): 

* . * l I r r— «*  ± ; . 

where 


»- 1 /<•»,>. 

6.  Let  function  f (t)  be  represented  in  the  forn 

/(0-«»  * r1*' ?<«/), 
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where  M«)  slowly  changing  positive  function.  Standard  equation 

takes  the  for* 


A"  . <„=  f ) A ~ 


The  solutions  of  this  equation  are  expressed  as  the  Bessel 
functions  of  apparent/isagina ry  order  [3).  in  suniiation,  we  will 


obtain 


i ' \ ,M1(  § 


7.  Let  f (t)  at  iatersediate  point  t.  turn  into 


sero  or 


/</)  » }(tl)  i / —/.  ^ >o. 


infinity: 


Then 


X ■ c'8  < | <-'2> 

a.  Let  f(t)  at  internediate  point  /.  have  syanetrical  fractui 
(Pig.  3); 

/(/I  • ?(«/)|u  I *|»  — f.  I).  <>  > 0,  0. 

Standard  equation  takes  the  forn 


A"  -t  |<  | I / 1)  A _ - . 

■iJ 


Page  49. 


Coefficient  k can  be  found,  nating  the  solutions,  calculated  through 
Airy's  functions  [1],  at  point  t = 0: 


t . * i i + />*  4 f. 


where 


r r|.r  ( ,)/</(  r ) ( Hi  ( f ) rti  (—  r )|. 


I 
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hi,  Bi  - the  linearly  independent  solutions  of  the  eguation  of  Airy 


w"  - tw  = 0. 


dependence  k(c)  is  given  to  Fig.  3.  It  is  not  difficult  to 
ascertain  that  with  large  positive  c value  k ts  1,  with  large  negati 


y ~ - p*|>  I j V — f (t)  rfx  | , 

which  will  agree  with  fornula  (21)  ; with  c = 0 value  , which 

V 3 

coincides  with  (22).  during  transition  fron  eguation  (5)  to  standard 
equation  (23)  we  will  obtain  that 

f = «|7(*'.)I13 

. bi3  " 

9.  Let  f(t)  have  at  point  t . asynsetric  fracture  (Fig.  4): 

H1)  = ?<«0  |«  — b{t  — I ii pH  t < I,, 

/(/)  =/(*/)  a npw  / > t, 

(a>0.  »>0) 

Key:  (1).  with. 


In  this  case  value  k is  detemined  via  the  coupling  of  the 
solution  of  Airy's  equation  with  the  hacsoyic  oscillations 

I . Vu+ 2±Vu~2 

X • * = 2 “ • <25) 

where 

t, — ./v  ^ . * *■*(*■)  r - a flit  1*^ 

u=Vcz(c)  + f = 


Pig.  3. 

Fig.  4. 

Page  50. 

Dependenca  k (c)  is  given  to  Fig.  4. 

Formulas  (24)  and  (25)  can  be  used  for  the  estiaation  of  error 
which  appears  with  the  inaccurate  approximation  of 
alternating/variable  hardness  (piecewise- linear  approxiaation.) 


^tnm  i 


If  function  f (t)  vary  raonoton ical ly  and  jumps  are  small,  then 
the  extracted  sums  can  be  replaced  with  the  integrals: 

('»  a ) - V in  ‘ = ~ Vm  (i  + M)  , I 2-^  * ‘ f if  - ±|„  /m*5 . 

M(ln 

It  is  logical  that  the  lav  of  the  distribution  of  value  », , in 
this  case  differs  from  the  lav  of  distribution,  described  by  formula 
(8).  With  a large  quantity  of  "commensurable"  jumps,  the  lav 
distribution  is  close  to  normal. 

From  the  aforesaid  it  is  clear  that  the  replacement  of  the 
smooth  function  f ( t)  the  determining  change  hardness,  to  the 
piecevise  constant  can  lead  to  large  errors.  Let,  for  example. 
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function  f (t)  aonotonical  ly  decrease  fron  to 

U Let  us  consider  that  the  true  solution  coincides  with 

asymptotic.  Then 

.4  up  A,{ll)  i tmn 

A (/„>  ~ A (»„ ) 4 /, 

stepped  appro  slant  Ion  leads  to  tlie  result 


. ■»(',)  i . f 

4(M  " / 

,nn 


I 'HU« 

lit  til 


although  the  probability  of  this  deviation  is  snail,  if  junps  are 
snail. 
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N FT  HOD  or  CALCULATION  OF  THE  ELASTIC  HAVES  IN  HETEROGENEOUS  BEANS. 

T.  A.  Lyakhovenko. 

For  tasks  of  the  transverse  waves  in  heterogeneous  along  the 
length  beans,  are  obtained  the  equations  of  the  type  of  the  equations 
of  Tinoshenko  and  is  described  the  algorithn  of  their  nuaerical 
solution  on  the  basis  of  nethod  of  characteristics  during  different 
combinations  of  boundary  conditions.  As  illustration  are  given 
exanples  of  the  calculation  of  the  hinged  supported  on  two  supports 
conical  bean  and  uniform  bean,  supported  at  one  end  and  free  on 
other,  under  the  effect  of  the  distributed  dynamic  load. 

Transverse  vibrations  of  beans  are  investigated  most  frequently 
on  the  basis  of  the  engineering  theory  of  curvature,  moreover  during 
the  derivation  of  the  fundamental  differential  equation  of 
oscillations  (equations  bernulli  - KyleraZ  in  the  cross  sections  of 
bean  are  alinlnatad  con  pi iance/pl iabi l ity  to  shift/shear  and 
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longitudinal  inertial  forces.  With  sufficiently  long  flexural  naves 
the  factors  indicated  do  not  play  the  significant  role,  but  during 
the  decrease  of  wavelength,  their  effect  becoaes  deciding  [1]  - [3], 

m- 

Deficiencies  in  Bernulli  - Euler's  theory  were  reaoved  by 
Tiaoshenko  via  ths  account  of  the  shearing  strains  and  rotary  inertia 
of  the  cell/e leaents  of  beaa. 

The  field  of  the  applicability  of  the  equations  of  Tiaoshenko  is 
inspected  theoretically  by  Te.  S.  Sorokin  and  A.  S.  Arkhipov  [4]  with 
the  aid  of  precisa  equations  of  the  theory  cf  the  elasticity  (was 
considered  the  task  of  free  transverse  vibrations  of  beaa  as 
two-diaensional  problea  of  the  theory  of  elasticity). 

Reliable  experiments  with  high-frequency  oscillations  were 
carried  out  by  tha  aethod  of  holographic  inter feroaetry  [5].  I*  is 
shown,  that  the  obtained  foras  and  frequencies  will  agree  well  with 
the  theory  of  Tiaoshenko's  beaa  up  to  the  lengths  of  the  half-waves 
of  the  order  of  the  height/altitude  of  beaa.  Therefore  it  is  possible 
to  expect  that  and  for  the  beaas  of  alternating/variable  section, 
exaaine/considered  in  this  article,  Tiaoshenko's  theory  provides  the 
acceptable  for  practical  target/purposes  accuracy/precision  of  the 
deter ainat ion  of  internal  effort/forces  and  displaceaent/aoveaents. 
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Pundaaental  equations  for  heterogeneous  beats  *. 

FOOTNOTE  ».  Under  heterogeneous  beaas,  as  in  work  [6],  let  us  iaply 
beaas  with  alternating/variable  over  their  length  rigid  and  aass 
characteristics.  ENDFOOTNOTF. 

Let  us  designate  the  coaplete  sagging/deflection  of  beat  in  section 

with  coordinate  x at  the  eotent  of  tiae  t through  w(x,  t),  that 

tfivin  l-.'iul  - 'lIu-oukI.w'm (*.  Q.  Uhal  on-ipri  oos  s.-ify  1 

co  a prises  sagging/deflect ion^Troa  ahlft/shear through  w.  (v, /).  than 

wa  can  write:  «•(•*,/)  (a./m  «\  (*,  r). 

angle  8 between  the  tangent  to  bent  axle  of  beaa  and  the  X-axis 
without  the  account  of  nhi  ft/s  hear  is  definad  as  ,)Wti  ,tx. 
Relationship/ratios  for  the  bending  noaent  and  shearing  force  in 
section  x take  fora  [1,  7]: 

M A/(  v)  2 , 

q -.-kcn* c^5T  (,) 

Here  El  (x)  - the  flexural  rigidity  of  beaa;  kGP(x)  - shear  stiffness 
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(G  - the  eodule/eodulus  of  the  2nd  kind);  k - coefficient,  depending 
on  the  fore  of  structural  section. 

Work  [8]  examines  the  task  of  deters inaticn  k for  the  different 
fores  of  cross  section.  It  turned  out  that  values  k lie/rest  at  a 
comparatively  narrow  range.  Indetereinancy /uncertainties  in  selection 
k,  consist  the  authors  of  work  [8],  not  at  all  are  so  serious  with 
that  degree  of  approxiaation  which  has  the  eodel  of  the  shift/shear 
of  be  as. 

It  will  be  here  accepted  that  k is  certain  weakly-changing 
function  of  coordinate  x. 


Por  positive  directions  x,  w,  H,  C«  q*#  let  us  accept  indicated 
in  Pig.  1 (in  left  upper  to  angle) . The  equations  of  equilibrium  take 
in  this  case  the  fore 


"Ji  ^ *»<•*>  •=*•<-*.  0, 


r:~« 


I 

’>  01*  ' 


Here  e (x)  * pF(x)  - the  linear  aass  of  beae;  / <_*>  ,./(*)  - the  eoeent 

of  mass  inertia  of  the  layer  of  the  been  of  unit  length. 


DOC  - 78067904 


PAGB 


Pig.  t. 

Page  53. 

For  the  calculation  of  heterogeneous  fccaas  is  convenient  to 
represent  expressions  of  the  cross-sectional  area  and  aoaent  of 
inertia  in  the  fora  P(x)  = F0f  (x)  and  I (x)  - I0i(x),  where  F0  and  I0 
- some  aaplitude  values  of  the  corresponding  values  (constant)  , but  f 
and  i - di aensionl ess  functions  of  coordinate  x. 


»e  convert  relationship/ratios  for  torque/aoaent  and  the 
shearing  force,  also  equation  (2)  after  the  substitution  in  thea  of 
relationship/ratios  (3)  to  the  following  d iaensionless  fora: 


<» 

,1 


-«>(*)/(*)  I''  -p) , 

<■(*>/<»(£->)]  /'*’>#-  : 


/(r)  it 
(♦r 


(•') 

(4) 


I 
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In  the  general  case  for  heterogeneous  beans,  to  obtain  the 
analytical  solution  of  equations  (5)  is  ispossible;  therefore  appears 
the  task  of  developing  the  algorithm  of  numerical  solution.  As  is 
known  [for  1 ],  th»  equations  of  Tinoshenko  are  related  to  hyperbolic 
type;  therefore  for  the  construction  of  the  algorithm  of  the 
numerical  solution  of  equations  it  is  possible  to  use  eethod  of 
characteristics. 


It  is  logical  to  consider  unknown  values  w and  8 the  continuous 
functions  of  cooriinates  x,  t the  derived  which  they  can  undergo 
di scout inu ity/inte  rrupt ions. 


Page  54, 


For  those  ranges  of  planes  *t,  in  which  the  first  particular 
derivatives  of  v and  p are  continuous,  it  is  possible  to  press 


. I \ 0 ‘ xv  . , •»’ «’  ,, 

. I l)w\  lf*  * . » 

Sfj“  T*5i<ix  ' "3 


Six  Equations  (5)  and  (7)  can  be  used  for  definition  six  second 
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derivatives,  if  functions  themselves  «,  fi  and  their  first-order 
derivatives  are  assign /prescribed  along  certain  carved.  However, 
during  the  assignnent  of  fuactions  w,  0,  j.v,  &wOt,  dp  d.v,  dp  dt  along 
soae  directions  of  the  solution  of  equations  (5)  and  (7|  they  will  be 

not  defined.  Such  directions  are  called  characteristic,  and  the 
lines,  which  go  along  such  directions,  by  characteristics.  On 
characteristics  the  second  derivatives  can  undergo 
disco nt in uity/int  e rruptions. 

On  characteristics  the  determinant  A ot  systea  of  eguations  (5) 
and  (7)  is  equal  to  xero: 

a - {Jt'  (i.r)  I df-  ~ dx- ) - o l*) 

Equalising  zero  expression  in  first  brackets  (8),  we  will  obtain 
the  equations  of  straight  lines  on  plane  xt: 


which  let  us  call/aaae  and  - characteristics.  Along  these 

directions  it  is  possible  to  obtain  characteristic 
relationship/ratios,  if  we  equate  to  xero  deterainant  of  the 
aatrix/die  of  the  coefficients  of  system  (5),  (7)  with  the  column  of 

the  coefficients  of  unknown  d'piix*.  substituted  for  the  column  of 
right  sides.  Opening  the  obtained  in  this  way  deterainant  taking  into 
account  (9),  let  as  find 


■'('«)  t *(?,)  «. 


I li*> 


•k«r«  K,  s - Ci.<c)(-£  - p)  «(*>  % 

upper  signs  correspond  to  characteristic  c! , lower  - to 
characteristic  n 

Equalizing  zero  expression  in  second  brackets  (8),  we  will 
obtain  t he  equations  of  the  curves  dx/dt  * d :*(■*)•  which  let  us 
call/nane  el-  and  . . - charac  teristics. 

Deter  lining  fart  her  <*»  w/dx*  froa  systea  (5),  (7),  we  obtain,  that 
along  characteristics  cl  and  cl  are  valid  respectively  the 
relationship/ratios 

where 

Page  5*S. 


■quality  to  aero  of  denoaiaators  and  nuaerators  in  solutions  for 
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(10)  and  (11).  Since  are  examined  only  continuous  w and  0,  then  the 
relationship/ratios 

dtt 


iht 


<'<  + * <"• 


■* 


<*r> 


dt 


are  valid  along  any  direction  of  plane  xt.  In  those  ranges  of  planes 
xt,  in  which  the  first  derivatives  of  w and  0 are  continuous, 
relationship/ratios  (10)- (12)  represent  by  theaselves  systea  of 
equations  and  can  be  used  for  the  determination  of  six  unknowns 
*'•  ft.  ih r dx,  dw  dt.  dfld.x,  dji  dt,  if  are  assign/prescribed  the  corresponding 
boundary  and  initial  conditions. 


For  the  numerical  solution  of  this  systea,  let  us  construct  on 
plane  xt  the  grid  of  characteristics.  Since  we  deal  with  the  family 
of  four  one-paraaater  families  of  lines  - the  characteristics  of 
positive  and  negative  slope/inclination,  then,  generally  speaking,  it 
is  possible  the  grid  of  two  performance  characteristics  to  construct 
independently  one  of  another.  Then  the  values  of  the  unknown 
functions  in  aesh  points  are  determined  with  the  aid  of  complex 
interpolations  that  it  leads,  in  the  final  analysis,  to  the  loss  of 
the  accuracy/precision  of  results.  Is  expedient  therefore  on  plane  xt 
to  first  construct  the  grid  of  characteristics  dx  = ♦.  dt  with  space 
h,  and  then  characteristics  dx  * -4  *<//  to  enter  in  basic  grid, 
set/assuming  in  this  case  within  the  limits  of  one  cell  « of 


constant  » 
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FOOTNOTE  Since  on  the  sections  a continuous  change  in 
structural  section  value  k and,  consequently,  also  » they  are 
little  affected,  the  adopted  assuaplion  does  not  lead  to  essential 
errors-  RNDPOOTNOTE. 


Then  interpolation  foraulas  are  single  for  all  cells. 


Calculation  foraulas  taking  into  account  recalculation  let  us 
find  for  the  arbitrary  cell  ESWN  [see  Fig.  1A)  . Segaents  of  the  lines 
MN  and  SE  - characteristic  cf  the  first  faaily,  NE  and  SN  - 
characteristic  of  the  second  faaily.  Throuqh  points  N and  S,  let  us 
conduct  by  the  dotted  lines  of  ch.  racteristic  of  third  (AN  and  SD) 
and  fourth  (CS  and  NB)  faailies. 


Let  us  introduce  designations  dtr  J.x  = p.  dwdt  — if.  dfi  dx  u , di  <)(  - 
and  let  us  rewrite  in  the  following  fora  of  the  systea 
characteristics  and  the  corresponding  to  thea  relationship/ratios 
alcng  the  characteristics: 


dr,  !.  dv  dii  — 3)  -f  H[x)u\dt  . dri  i;’  u)dt.  j 


1 , dv  ♦ 

du  - 

\C[.x)(p 

ft)  i H(.x)ii 

1*. 

dA  — (t' 

ID  dt. 

= *.  dq 

XI  ip 

| u 

~ /)  ( V)(/> 

9) 

.W't-v 

t)  | dr. 

dw  (v 

-f - np)  dt'. 

o* 

m 

1 

i Vip 

— — «*  la  - 

A [x)[p  — 

f»- 

i 

dw^-iq 

— np)  dt 
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Differential  relationship/ratios  (13)  along  the  appropriate 
characteristics  one  should  replace  with  the  approxiaate  difference 
expressions.  Froa  the  obtained  thus  systea  cf  the  algebraic  equations 
are  deterained  th»  unknowns  u,  p,  v,  p,  q and  w at  point  N through 
the  values  of  these  functions  (with  the  use  of  linear  interpolation) 
in  asseablies  W,  S and  E of  the  cell  of  the  basic  grid  of 
characteristics.  Let  us  note  in  this  case  that  in  the  process  of  the 
coaposition  of  the  difference  expressions,  which  replace  differential 
(13),  the  values  of  quantities,  which  stand  in  brackets  in  the  right 
sides  of  relationship/ratios  (13),  on  the  appropriate  cuts  of 
characteristics  are  replaced  aean  arithaetic  froa  the  extreme  values 
on  these  cuts.  This  procedure  of  obtaining  calculation  formulas  is 
equivalent  to  the  reca leu lation  which,  as  is  known  [for  10  1,  raises 


accuracy/precision  by  one  order.  Omitting  cumbersome  algebraic 
calculations,  let  us  extract  final  calculation  formulas  for  the 


arbitrary  internal  (field)  point  of  the  range  of  variables  (x,  t) : 

ux  us  + Vt  vw\ 

P\  Ps  1 v/:  - ; 

I I Cs  h* 

l\  — l:s,r\vs 4~  (VS + *"'  -<  Vg)  + 

1 4 ~T~ 

C.  ..  h . 

1 2 ^P X ^ P S 4 11 1:  wi 4 2~  |$A'  (« v 4'  U s)  t 

Q (/4  PF)  4 - (V)  4 **  «*  + /Vv  1 1 ; 

Pjv=  P.y  y ( y.v  » -t-  v*  4- 

</a  */s  ;vji  4-f  iP.v+/yt 

4 n 4 ^ 4 As\gE  - - (p#  - Hs)\  4 Ah:(Pl.:  pfc.)  + Aw(p u pB 

® v = ws  r y"  (</.v  4 </s  4 </ </,,). 


Let  us  extract  formulas  for  the  points  of  boundary  of  the  region 
xt.  Let  us  examine  at  first  half-cell  WNE,  which  adjoins  boundary  of 
t = 0 (see  Fig.  1b).  Let  at  the  initial  moment  the  beam  rest  and  the 
voltage/stresses  in  it  were  equal  to  zero.  In  this  case 


w = 


dw 


dx 


(>W 

ill 


<)■! 

dr 


di 


dt 


---  0 . 


(14) 


After  replacing  relationship/ratios  (13)  along  the  appropriate 
characteristics  by  difference  expressions  and  after  solving  taking 
into  account  (14)  obtaining  in  this  way  algebraic  system  of 
equations,  let  us  find: 


Lot  us  extract  t ho  formulas,  valid  on  tho  loft  anti  right 
bountlarios  of  tho  region  of  tho  variables  xt.  rig.  Ic,  d,  depicts 
half-coils  skn  anti  swn,  which  adjoin  tho  a pptopriate  bountlarios. 

Pago  S7. 

Lot  us  exasino  tht»  caso  of  tho  hingod  support  of  beam  on  both  onds 
and  tho  case  whon  one  ond  of  tho  b«an  is  supported,  another  is  free. 

On  tip  bearings  tho  shift,  speed  and  tho  bonding  aoaent  are  equal  to 
loro,  therefore, 

</v  »v  W,v  </A  it  y 0 ,1.0 

Representing  in  tho  difference  fora  of  relationship/ratio  (11) 
along  the  appropriate  characteristics  and  solving  taking  into  account 
(1*»)  that  obtaining  in  this  way  algebraic  systoa  of  equations,  let  us 
find  for  tho  points  of  the  loft  boundary 

^ /\v  • 

<’v  <1  ! 1 M'  VlP,  P,n/»,«,|! 

1 ♦ ■< 

1 I V,  M ' V <«V  **v>  ! • 

i\  IN  < J (f’v  1 «\  * *’«v>  j 


Analogous  fniulas  for  the  points  of  the  right  boundary: 

PN-=Ps 

Vy  •=>  vs  -f-  y | 2 uv  h |C#  (/>u  — p„ ) -f-  Bv  uv  | i 

i t 7— 

(\  h-  \ 

~f  Cs  h {pK  - qw  pv)  2 (x>„  + vs)  | ; 

iV  - P.v  -t-  * (l’/v  I'  vs  + 2t'„  )• 

Let  us  extract  finally  formulas  for  the  case  when  the  right  end 
of  the  beam  (x  = X)  is  free.  At  free  end  the  torgue/moment  and  the 
shearing  force  are  equal  to  zero,  therefore, 

«.v  = "v  “ Ph  ~ P«  Ps  i\  “ 0 ( l<>) 

Utilizing  equality  (16)  and  relationship/ratios  (13),  written  in 
difference  form  along  the  appropriate  characteristics,  let  us  find: 


TV  VS  r 1 

1 PwHwh 

P/v  ~ P,  • 

2 {vn  1 «,  + 2«ir); 

Ps  P.v: 

</%  2 />„. 

■•■Pv)  ("r  - APr  Ml 

-f  *'APr  1 

7 (2  *)  (Ps  -4  l\): 

*V  - «\  + %i  \p„  - 

Ps  » 2 Vtr  "1  2 x * (Vv  +■  <7\>  | 

I 

1 . 1 


Analogously  ran  be  obtained  formulas  also  for  other  forms  of 
boundary  conditions. 

The  derived  foraulas  Bake  it  possible  step  by  step  to  find  at 
each  point  N of  the  grid  of  characteristics  on  plane  the 
alternating/variable  xt  six  unknown  functions  u,  p,  v,  0,  q,  w.  In 
this  case,  diaensionless  the  torque/aoaent  and  the  shearing  force  at 
point  N are  deterained  from  forau  las  (3). 

On  the  basis  that  presented  for  ETsVH  BESH-6,  is  comprised  the 
program  of  the  calculation  of  strains  and  stresses  in  heterogeneous 
beaas  under  the  action  of  dynamic  loads. 

Page  58. 

Initial  data  tasks,  such  as  load,  rigid  and  aass  characteristics,  are 
assigned  in  the  form  of  tables  for  the  specific  nuaber  of  sections. 


DOC  » 78067904 


PAGE 


The  interaediate  values  of  the  corresponding  values  are  calculated 
with  the  aid  of  interpolation.  The  space  of  integration  is  selected 
at  prograaner*s  discretion,  which  makes  it  possible  by  changing  the 
space  and  repeated  calculation  to  estiaate  the  accuracy/precision  of 
nuaerical  solution.  This  estiaation  can  be  carried  out  on  the 
fornulas,  indicated  in  work  [10]. 

Let  us  designate  through  a„  the  elongation  of  half-wave  (if  A - 
elongation  of  entire  bean,  n - nuaber  of  half-waves  into  which  is 
divide/narked  off  the  beaa  during  transverse  vibrations  with  n 
half-waves,  then  The  space  of  integration  aust  be  sufficient 

snail  in  coaparison  with  the  length  of  the  half-wave  of  the  high  of 
the  haraonics,  that  contributes  to  the  total  effect  of  waves  the 
significant  contribution.  It  is  possible  te  show  that  for  the  correct 
account  of  haraonic  with  the  length  of  the  half-wave,  equal  to  a,, 
the  assigned/prescribed  space  h aust  be  less  x„  approximately  to  one 
order.'  Since  ainiaua  value  is  equal  a pproxiaatel y to  the 
height/altitude  of  beaa,  then  it  is  possible  to  restrict  froa  below 
initial  space  by  the  value  cf  the  order  of  tenths  r. 


EXAMPLES  OP  NUMERICAL  CALCULATION. 

1.  Let  us  exaaine  forced  oscillations  of  hinged  supported 
truncated  cone  with  aperture  angle  2a  under  action  of  distributed 
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load.  The  origin  of  coordinates  is  accepted  in  the  center  of  larger 
basis/base,  and  X-axis  is  directed  along  the  axis  of  cone.  The  area 
and  the  moment  of  the  inertia  (diaensionless)  of  cross  section  with 
coordinate  x are  expressed  in  this  case  by  the  following  foraulas: 


/(.v)  (I  - Jett's)*,  i(jr)  = (l  Jett's)1. 


Further,  utilizing  (8),  we  will  obtain 


A (jci 


■>  in  . 
i « in  3 


. H(x) 


4,«"_  C(x)- 

I Algo’  (l-Algo)- 


In  calculation  it  is  accepted  X = by  20,  tg  or  = 0.04  which 
corresponds  to  value  J./L  = 0.4  (£  - height/altitude  of  truncated 
cone,  L - height/altitude  of  complete  cone) ; load  on  tiae  builds  up 
linearly  to  value  of  t = 20,  further  instantly  is  renoved  (tiae  of 
action  of  load  conprises  approximately  0.06  periods  of  the  first  tone 
of  oscillations).  The  amplitude  of  load  (diaensionless  value)  is 
accepted  equal  to  unit,  parameter  * - equal  to  0.7. 


Calculation  is  carried  out  for  three  different  values  of  space  h 
(0.2;  0.1;  0.05),  also,  on  findings  with  the  aid  of  Runge*s  method 
[10]  is  made  extrapolation  to  zero  space.  Tfce  results  of  calculation 
are  represented  in  the  fora  of  curve/graphs. 

Pig.  2 for  different  torque/monents  of  tiae  t,  shows  deflection 
curves,  for  the  maximum  amplitudes  of  the  fera  of  deflection  curves. 
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are  very  close  to  the  foras  of  the  natural  oscillations  of  truncated 
cone  in  the  first  tone,  and  the  difference  in  the  values  of  tine, 
which  corresponds  to  the  naxinun  deviations  of  team  to  opposite 
sides,  virtually  coincides  with  the  half-period  of  natural 
oscillations  in  the  first  tone,  a aaxiaua  error  in  the  calculation 
during  period  does  not  exceed  lo/o. 

Fig.  3,  depicts  the  diagra^/curves  of  the  bending  aoaents  for 
different  aoaents  of  tiae.  Froa  the  behavicc  of  curves,  it  follows 
that  and  under  the  effect  of  the  evenly  distributed  load  in  beaa  are 
excited  the  high  tones  of  oscillations  with  considerable  aaplitude, 
if  the  tiae  of  load  change  is  sufficiently  saall. 
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2.  Let  us  examine  forced  oscillations  of  supported  on  one  and 
free  at  other  enl  uniforn  bean  with  elongation  X = 30  under  effect  of 


distributed  dynanic  load,  load  on  tine  was  assigned  in  fora  curved. 


depicted  on  Fig.  4 (in  upper  left  to  angle).  Rise  tine  of  load  to  the 


naxisun  was  taken  equal  to  0.3  fron  the  coaaon/general/total  duration 


of  its  action.  Period  of  loading  was  accepted  in  the  calculation  of 
the  equal  to  45  that  comprises  approximately  0.12  periods  of  the 
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first  tone  of  natural  oscillations. 

Pig.  4 depicts  the  diagraa/curves  of  tie  bending  no  aunts  for  the 
different  values  of  tiae.  Por  an  exaaple  in  guestion  according  to 
bernulli  - Euler's  theory,  there  is  exact  sclution  in  the  fora  of  a 
series  on  the  foras  of  natural  oscillations.  This  solution  in  the 
fora  of  the  curve/graphs  of  the  bending  aoaent  is  represented  in  Fig. 
4 (dotted  lines)  for  two  characteristic  values  of  tiae  (t  * 63  and 
99).  An  essential  quantitative  difference  in  the  solutions  of  this 
problea  in  the  theories  of  bernulli  - Euler  and  Tinoshenko  coapletely 
explicable  on  the  basis  that  presented  is  higher. 
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THE  STABILITY  OF  CYLINDRICAL  SHELL  DURING  COMPRESSION  UNDER 
CONDITIONS  OF  CREEP. 

G.  N.  Zamul. 


By  method,  proposed  in  article  [1],  is  investigated  the 
stability  of  imperfect  cylindrical  shell  during  compression  under 
conditions  of  creep  under  different  forms  of  initial  sagging, 
different  lavs  of  the  creep  of  the  material  and  change  in  the  load 
vith  tine. 

■ 

In  article  [ 1 ] is  presented  the  numerical  method  of  the  solution 
of  the  problems  of  the  stability  of  circular  cylindrical  shells  under 
conditions  of  creep  taking  into  account  the  real  character  of  loading 
and  attachment  of  the  end/faces  of  shell,  instantaneit y of  initial 
state,  initial  inaccuracies.  Is  shown  the  possibility  of  the  loss  of 
stability  (branching  of  the  forms  of  equilibrium)  of  ideal  shell,  by 
the  compressed  constant  axial  force  and  by  evenly  heated,  in  the  zone 
of  the  development  of  the  edge  effect,  caused  by  lateral  expansion 
during  compression  and  by  the  attachment  of  end/faces.  For  an 
imperfect  shell  vith  periodic  initial  sagging/deflection,  are 


...  4 
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obtained  the  resul 
Below  method  indie 
stability  of  the  s 
nonlinearity  of  th 
change  in  the  load 
long,  evenly  haate 
supported  on  end/f 
diaph  ragns. 

1.  Effect  of 
stability  of  elast 
sufficiently  well 
concerning  the  eff 
of  shells  under  co 
interest.  The  valu 
can  be  approximate 
shells,  after  whic 
under  conditions  o 
initial  sagging.  R 
of  initial  sagging 
of  shell  on  load  w 
same  c 


2^ 


ts,  close  to  those  found  approximately  in  work  [2]. 
ated  is  used  for  the  investigation  of  effect  on  the 
hell  of  the  fora  of  initial  sagging,  degree  of  the 
p law  of  the  creep  of  the  material  and  law  of  a 
with  time.  Shell  is  assumed  to  be  sufficiently 
d and  that  compressed  in  axial  direction,  hinged 
aces  in  the  heated  to  temperature  shells  rigid 


initial  sagging/deflections  of  different  view  of 
ic  shells  during  axial  compression  is  is 
studied.  This  does  not  pertain  to  the  question 
ect  of  the  fora  of  initial  sagging  on  the  stability 
nditiens  cf  creep,  which  represents  special 
e of  the  amplitude  of  initial  sagging/deflection 
ly  determined  by  testings  for  stability  of  elastic 
h becomes  possible  theoretical  stability  analysis 
f creep  [1]  with  the  assigned/prescribed  form  of 
emains  unclear  the  degree  of  the  effect  of  the  form 
on  the  obtained  thus  dependence  of  ultimate  strain 
ith  the  amplitudes  of  initial  sagging,  which  ensure 
ritical  lead  of  elastic  shell. 


one  and  the 
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Fiq.  1 in  a dimensionless  form,  gives  the  results  of  the  numerical 
calculation  accordingly  [ 1 ] of  the  dependence  of  critical  load 
of  elastic  shell  on  amplitude  N . of  the  a x is  yaraet  r ic  initial 
sagging  (symmetrical  relative  to  middle  x ■-  L/2  shell),  of  the 
assigned/prescribed  in  the  form  [3] 

ui„(.v)  > (a  )||sln('Jw  l)n  f -(  |)r(.'0S(2/m  l)n*|.(l' 

L 

X ",  , , 

and  ensuring  during  change  parameter  X transition  from  periodic 
initial  deflection  (X  = 0)  to  local  dent  (X  *»  1).  The  dimensionless 
parameters  take  form  [ 1] 


,V 

I 

A | 


where  x,  N - longitudinal  coordinate  and  compressive  force  in  shell, 
E - modulus  of  elasticity,  v - Poisson  ratio,  L,  R,  h - length, 
radius  and  thickness  of  shell,  moreover  it  is  accepted  v . o L * 38, 
l/w  «r  2m- 1 * 11. 


With  considerable  initial  sagging/deflections  the  critical  load 
is  close  to  that  obtained  in  [3]  for  a long  elastic  shell  without  the 
account  of  edge  effect  of  supports.  During  decrease  u„,  it  approaches 
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1 


th.  crit leal  lend  of  the  ide.l  hinged  supported  shell,  taken  .ith 
considerat ion  of  nonlinear  edge  effect. 


Pig.  2 gi.es  the  results  of  the  sclutlcn  of  the  corresponding 
prohlee  of  st.hillt,  under  conditions  of  t he  creep  of  th.  .ateri.l 
according  to  the  1 a* 


• A 


C2) 


with  m = i#  where  a,  P designate  the 
cates  of  creep  strains  respectively. 


intensities  of  stresses  and 


rig.  1.  Fig.  2. 


Page  63. 

Along  the  axis  of  abscissas,  is  deposit/postponed  dimensionless 
ultimate  strain  of  the  shell 

■.=  l 3(1  - = A/  • />.  = .V(l-t  A/'1  (d) 

i *V  jV'‘ 

• here  % / k P*  i-:h  f A ^ T*  “ ultimate  strain  of  the  shortening  of 

xmro  moment  shell;  - t - dimensional  and 

' 1 1 3(1  v..)|l‘~l  R"-' 

dimensionless  time.  The  amplitudes  of  the  initial  saggin g/ deflections 
of  imperfect  shell  were  selected  in  this  case  according  to  Fig.  1 so 
as  to  ensure  the  identical  values  of  the  critical  loads  of  elastic 
shell  with  periodic  sagging  and  with  local  dent.  As  we  see,  the 
obtained  dependences  of  ultimate  strain  on  load  differ  with  the 
various  forms  of  initial  sagging,  moreover  with  the  local  character 
of  initial  sagging/deflection  shell  is  more  stable.  Hence  becomes 
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clear  the  need  at  least  for  qualitative  evaluation  of  the  fores  of 
initial  sagging  during  the  analysis  of  stability  of  real  shells. 


2.  Let  us  examine  effect  of  degree  of  nonlinearity  p of  lav  of 
creep  of  the  material  (2)  on  stability  of  imperfect  shell  vith 
periodic  initial  sagging/deflection,  which  are  described  by  formula 
(1)  with  X = 0.  For  the  case  of  the  inccm  pressible  (V  = o,5)  linear 
viscoelastic  naterial  (p  = 1)  neglecting  of  edge  effect  it  is 
possible  to  obtain  the  analytical  solution  cf  problem  with  the  use  of 
data  Fig.  1.  Variable  on  coordinate  x comprising  of  the  dimensionless 
sagging/deflection  of  shell  retains  in  this  case  periodic  form  (1) 

(2a  - 1 = l/w) 


'Vxp(.  ‘vv  l)*1"* 


« N 

with  circumferential  forces  = v’)  , 

v ft  /'  ft 

'*  “ #'*!?-,  that  have  the  form 

,),J  (*r* 


H) 

and  curvature 


■V  •••„ 

2(1  -N) 


I \ \ — u> 

l'xp(,  _ _ T I sin  — - 


(I  >■- 


" exp  I x sin.*.  (5) 
I — N 1 ' I N I ' 


Characteristics  (5)  of  initial  state  determine  the  stability  of 
shell  and  at  each  moment  of  tine  r formally  correspond  to  the 
characteristics  of  elastic  shell  (f  * 0)  with  the  amplitude  of 
initial  sagging/deflection  w0  exp  (S/1-iif)  . If  we  designate 
dependence  on  the  load  of  the  amplitude  of  initial  sagging,  required 
for  an  elastic  loss  of  stability,  according  to  Fig.  1 as  ws  * /(A/,), 
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then  the  condition,  which  determines  critical  time  t.  of  loss  of 
stability,  it  takes  the  form 


i \ \ ■ or 

“#  exp  ( ( -r  J -=/(.\  ) tyy<  t. 


.-A'ln/.A'. 


N f(N,) 

whence  for  ultimate  strain  we  obtain  the  expression 

- & * P ♦ A' (I  + %)  - /V  I + ‘ In  I 

A?  t l-V.  ) I 


(<>) 


<7> 


Pig.  2,  gives  the  results  of  the  numerical  solution  of  the  task 
of  the  stability  of  shell  with  the  parameters,  indicated  in  p.  1,  at 
two  values  of  the  amplitude  of  periodic  initial  sagging/daf lection  u0 
= 0.15  and  0.5  whan  p = 1,  3,  7.  In  the  case  p = 1,  numerical 
solution  virtually  coincides  with  analytical. 


Page  64. 

The  effect  of  the  degree  of  the  nonlinearity  of  the  law  of  creep  on 
the  dependence  of  ultimate  strain  from  load  proves  to  be  very 
essential.  Kith  p = 7 and  the  larger  values  ultimate  strain  can  be 
lesser  obtained  on  criterion  ultimate  strain.  The  results  of 
calculation  for  the  cases  u0  = ♦ 0.15  and  -0.15  with  p = 3 noticeable 
are  distinguished  which  is  explained  by  the  effect  of  edge  effect  of 
supports,  opposite  in  these  two  cases.  With  w0  = 0.5  this  effect 
already  virtually  is  absent,  which  is  evident  also  from  Pig.  1.  The 
results  obtained  when  p = 7 qualitatively  will  agree  with  the 
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experimental  results  of  work  [4],  that  differ  from  those  given  in 
article  [5].  One  of  the  possible  explanaticns  of  the  difference 
indicated  lies  in  the  fact  that  in  work  [ 5 ] as  axial  deformation  » 
in  expression  (3)  is  accepted  the  measured  in  experiment  deformation 
of  the  shortening  of  the  shell  which  affects  the  instantaneity  of 
initial  state.  Fig.  3,  depicts  an  example  of  the  calculated 
distribution  of  circumferential  force  and  curvature  of  shell,  in  Fig. 
4 - change  in  the  tine  of  axial  deformation  £-  of  shell  and  stresses 
a,  , — » 3(1—  v-)  A’  v in  its  middle  x * L/2  (z  - coordinate  according 

h b. 

to  the  thickness  of  shell).  As  we  see,  ultimate  strain  of  moment 
shell  can  considerably  exceed  ultimate  strain  of  zero  moment  shell, 
moreover  increase  give  not  only  flexural  deformations  in  moment 
shell,  but  also  the  connected  with  them  increase  of  stress 
intensities  and  acceleration  of  creep. 
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tiae.  Let  us  exaaine,  in  particular,  a very  iaportant  virtually 
guestioe  concerning  effect  on  residual  Mi  nstantaneous"  critical  load 
A. H of  the  shell  of  its  preliminary  delay  under  conditions  of  creep 
at  constant  teaparature  and  load  v ;v,  for  a certain  peciod  of  tiae 
t,  ,t,(A).  Under  tha  linear  lav  of  the  creep  of  the  aaterial  (p  * 1)  a 
change  in  the  axisyaaetric  periodic  sagging/deflection, 
circunferential  forces  and  the  curvatures  of  shell  is  described  at 
the  stage  of  delay  by  foraulas  (4)  , (•>)  and  the  condition  of  loss  of 

stability  (6)  takes  the  fora 


- l-N.  M.V.o) 


<«> 


If  we  introduce  as  the  characteristic  of  delay  accuaulated  creep 
strain  of  zero  aoaent  shell  „ _ *>*.  then  of  (8)  ve  obtain  when  m = 
1 


(I 


.V,  In 

/(A'.) 


O.n 


The  ezanple  of  calculated  accordingly  (9)  dependence  v«,  on 
pH  is  represented  by  unbroken  curve  in  Fig.  5,  there  is  given  the 
result  of  the  nuaerical  solution  of  task  with  nonlinear  law  of  creep 
(p  = 7).  As  we  sea,  in  the  case  p * 1,  this  dependence  is  close  to 
linear  and  differs  little  fron  that  obtained  according  to  fornula  (7) 
and  Fig.  2 under  the  assuaption  .V— jV,,,.  p,  p „ (dot-dash  curves  in 
Fig.  2 and  5).  This  aeans  that  the  law  of  a change  in  the  load  with 
tiae  has  weak  effect  on  critical  coabination  of  load  and  accuaulated 
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creep  strain,  and  stability  is  determined  cnly  by  their  values  at  the 
moment  of  loss  of  stability  according  to  the  universal  curves  of 
interaction  Fig.  2 and  5.  In  the  case  of  nonlinear  creep  this 

assumption,  as  can  be  seen  from  Fig.  5,  it  leads  to  considerably 
larger  error. 
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Fig.  5. 
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BULGE  OF  BODS  UNDER  CONDITIONS  OF  CREEP. 


V.  F.  Galkin. 


Is  examined  the  task  of  the  determination  of  the  changing  in  the 
course  of  time  stressed  and  state  of  strain  of  the  compression  member 
of  rectangular  cross  section  with  initial  sagging/deflection  under 
conditions  of  creap.  The  results  of  calculatici)  are  compared  with  the 
results  of  experiient.  Findings  make  it  possible  to  compare  different 
calculation  methods. 


Some  elements  of  airframe  structures  work  as  compression  members 
at  elevated  temperatures.  Jn  this  case  they  can  be  developed  the 
processes  of  creep,  are  accumulated  deformations  and  upon  expiration 
of  certain  time  occurs  the  destruction  of  ct ll/element s. 


During  design  it  is  necessary  to  know  the  time,  during  which 
this  element  of  construction  it  will  exhaust  its  bearing  capacity,  or 
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the  tiae,  for  whic 
deforaation.  There 
stressed  and  the  s 
conditions  of  cree 
are  created  severa 
the  decreased  Tain 
check,  rt  must  be 
data,  which  corra3 
method. 

In  this  artic 
stressed  and  state 
conditions  of  cree 
the  procedure  of  t 
is  given  the  compa 
experiment. 
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le  is  set  forth  the  method  of  calculation  of  the 
of  strain  of  rod  depending  cn  time  under 
p on  the  basis  of  variation  theorem  [ 1 ),  is  given 
he  test  of  rods  with  the  hinged  support  of  ends  and 
rison  of  results  of  calculation  with  the  results  of 
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Pig.  1. 


Page  67. 


1.  Variation  theorem  [1],  formulated  in  nonlinear  setting  [2] 
for  rates  of  change  of  stresses  and  strains,  says,  that  for  body, 
which  is  found  under  conditions  of  creep,  variation  equation  6J  = 0, 
where 


l «*.<«* 


( -/  / 


</r 


f 7 , ii,  (I S \ T (//,  (I) 

Vv  V 

and  'V/,  - arbitrary  variations,  it  has  as  equations  of  Euler 

relationship/ratios  between  stresses  and  strains  and  equations  of 
equilibrium,  but  as  natural  (Eulerian)  boundary  conditions,  boundary 
conditions  for  stresses  and  boundary  conditions  for  deformations.  In 
equation  (1)  tlf,  e'/t  i'u  - tensors  respectively  of  stresses,  strains, 
instantaneous  elastoplastic  strains,  creep  strains;  T,  - surface 
effort/forces;  "■  - displacement  vector;  T,  - assigned/prescribed 

surface  forces  on  the  part  of  the  body  surface  Sv,  «, 
assigned/prescribed  displacement  vector  on  the  part  of  the  body 
surface  S,t.  The  points  above  letters  indicate  the  differentiation  of 
the  corresponding  values  with  respect  to  time.  It  is  assumed  that 


are  expressed  through  d isp lacement/mo ve merits  and  the  speeds,  til 


- through  stresses  and  rates  of  change  in  the  stresses,  e,,  - through 

I 

stresses.  The  elasto- plastic  part  of  the  strain  must  satisfy 


J 

f 

i 

t 

i 

1 

j 


condition  [3]  o,y d'e,)  t'l/doy. 

2.  Let  us  examine  bulge  as  a result  of  creep  of  uniform  hinged 
supported  rod  of  rectangular  cross  section,  compressed  by  axial  force 
P (Fig.  1)  . 

Let  us  select  the  relationship/ratio  between  the  stresses  and 
strains  in  the  following  form: 

e = -jr  4-  >p  t1'  1 o'", 

where  X,  p,  m - empirical  constants,  t - tine.  The  plastic  part  of 
the  strain  we  disregard. 

Let  us  assign  the  axial  displacement  u and  axial  strain 
respectively  in  the  form 

,,  , w 

u = U ■ z -j — , 

oi)  i /<mt\» 

6 ,)x  z Or"-  + 2 [ dx  j ’ 

where  0 and  W - displacement  of  the  average/mean  layer  of  rod. 

In  this  case  into  expressions  for  J,  will  remain  the  following 


terms : 


DOC  = 78067905 


PAGE 


* )Ll 


r 


y '7' 
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ii=r  \ 
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* 
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1 / 

ow 

v 

a J( 

<) » 

J 

[tern  j <*e  disregard  as  a result  of  its  snallnass] 


•n  ■>,;  + i/>r 

*!  lyi^lS.  /’//(/,  t)  0,  />  — const,  /'(O, /)-  (» 
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Thus,  functional  J takes  the  following  fora: 


/ I 


i )U 

dtt 

<)»■ 

, ,,JU  \ i 

i 

0.x 

1 Ox 

33 

* dx*  ) 1 

2 

1 

" 3 

1 

kf>  f 

’ o",3|</r. 

1 i .» u y 

2 Ox  * 


i-’) 


It  is  known  that  the  distribution  of  the  stresses  over  the 
section  of  rod  under  conditions  of  creep  will  not  follow  linear  law. 
Let  us  assume  that  a change  in  the  stresses  in  rod  occurs  as  follows: 


■> ( v.  l) 


/> 

l * ' 

{ * ‘ J,  j 

I Sill  l| 

t 

\ h 1 1 

1 1 

P 

/ , > 

n i 

P 

sin  1 

1 

i <> 

npn 


0, 


it pu  0 


t»> 


Key:  ( 1)  . with. 


(F  “ cross-sect io n a 1 area  of  rod).  Stresses  we  consider  positive  with 
elongation.  The  iopendence  of  displacements  on  coordinate  x we  take 


-J 
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in  the  form 

U--U{lx, 

W ~h  U ’„sln  . 

Values  a,,  a,  ,o  ...  l/„,  U?'u  in  the  right  sides  of  expressions  (3) 
the  functions  only  of  time.  Substituting  (3)  and  (4)  in 
(2)  and  fulfilling  integration,  we  will  obtain  (for  m = 

./  i -V'-)  i ru(i0+  V'.H 

1 1 Jl>  I <4  iVV,  /,  C:,  | 3-  -(  J‘‘  (3,  3,)  i-  (3,  -fa, 

/u(J,l/:  3,/,  4-  3.,/,). 

Are  here  introduced  the  following  designations: 


/'/  L’P  . ..  /■ 

*'*  « • (A*)*, 

/,.  - >'  w \ 

'•  s ;■  i 

f-  - 64  |H3.‘  ^ Hi3:  J.)  I a„(»S  I J;)  | X | 
H 1 0,)  t V b 5 (au  ~t"  °a  g j|)  - 


I 


(Ji  ’>’•  1 a)  I(?  T*  «)  + 

• »■  (■’»  . 

/.  i 1 ' >*■! 1 k)  1 ( r 1 "i”4  ir.)  ‘ 


1 -?) 


i 

In 


(I) 

and  (4)  are 
functional 
3) 
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Equalizing  to  zero  particular  derivatives  of  functional  J on 
each  of  the  values  with  point,  we  will  obtain  the  system  of  the 
nonlinear  differential  equations: 

8j0  + S2  — 3,  — 0, 

A (’2  + *,)  } W0  — 0, 

2c,  Un  + c5  r„  W0  - 2c63,  - (a,  - 0 , , - /„  = o,  (5 

a o0  -i  a.  _ a 3,  „ o, 

Ao  - X — /•  = °- 


where 


A = A {-f  [ A + J A (*2  - 3,)  t-  y (A  -I-  A)  4-  ~ (A  - A)]  — 

“4[8?+t(32~3,)+ 2Jr(^  + a')]  + f [3,,+  Tf3'"“3,)]  “ « 

A = A 4 ( - »J + «« 9i  - y 3<>  A 4-  y A)  4- 

I I ( 3o  o„9|  A \ 3 / J,  \ I 1 

+ t It  — r + tJ  ~ >6  V3'-  tJ  • 

f,=c3_4j.  u/,„ 

A=A[4H  + A3*4-y-3oA  + 4)“ 

L ( 4°.  + + _ai  ) J.  A fo  + J*_)  _ J-l  , 

3 ^8/  16^°  3/  4nJ 

Ao-c,+  f wt. 


Let.  the  rod  before  the  load  application  have  initial  sagging  in 
the  fore  h A sin  , where  A - amplitude  of  initial  sagging/deflection 
Wy,  divided  into  the  thickness  of  rod.  Then  initial  conditions  for 
the  dimensionless  parameters  after  the  load  application  at  elastic 
instantaneous  deformations  they  will  be: 


Page  70. 

For  the  solution  if  the  systea  of  nonlinear  differential 
equations  (5)  was  coaprised  the  prograa  in  language  ALGOL-60  for 
coaputer  -6.  r n this  case,  was  utilised  kutt  - Person's  procedure 

with  the  autoaati:  calling  sequence  of  integration  for  providing  the 
assigned/p rescr ibed  acci'idcy  in  the  integration  10  **. 

Fig.  2-4,  depicts  the  results  of  the  nuaerical  coaputation  of 
the  coefficient  of  sagcying/def  lect  ion  W„,  ot  the  stresses  in  the  lean 
s»ction  of  rod  an  1 strain  of  the  filaments,  arrange/located  in  the 
center  of  gravity  of  section,  of  the  following  values  of  the 
parameters : 

I 

1 


j 
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X -5-10  ,s, 

/)  I , m — d, 

f— • O.d'.i.  10"  //  Ma,  /J  =.  4!KHI  //, 

)' 

h 8mm, 
b - 20  mm,  / — 2H  MM. 

Such  values  of  the  parameters  are  selected  for  that  target/pur pose  so 
that  it  would  be  possible  tc  compare  the  obtained  results  with  the 
data  of  calculation  according  to  other  methods,  presented  in  [4].  The 
parameters  p,  m,  E indicated  correspond  to  the  characteristics  of 
material  0 16a-T  at  temperature  of  300°C. 

Calculated  curves  of  axial  strain  in  Fig.  4 are  constructed 

j 

according  to  the  formula 


OJ  MM 


22 


pji  it 'll  U'(XJ 

j.h  'ir/rcHMnt 
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Fig-  2. 
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Fig-  3. 
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Fig.  4. 
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Pig.  6,  depicts  the  dependence  of  critical  time  on  the  ratio  of 
initial  sagging/da f lect ion  to  the  thickness  of  rod,  moreover  for 
critical  was  accepted  time  froa  the  torque/aoaent  of  the  load 
application  to  that  tor gue/aonent  when 


3.  Par  checking  results  of  calculation,  it  was  tested  for  creep 
during  coapression  of  eight  rods  from  material  D164-T  at  temperature 
of  300°C.  For  providing  the  hinged  support  cf  the  ends  of  the  rod, 
were  made  two  tip  bearings  (Fig.  6),  making  it  possible  to  obtain  tht 
fixing  coefficient,  equal  to  one. 


Since  during  the  experimental  investigation  of  the  phenomenon  of 
the  bulge  of  rods  under  conditions  cf  creep  is  observed  the  large 
spread  in  the  values  of  critical  tine  [5],  for  the  determination  of 
initial  sagging/de  fleet  ion  and  to  centering  of  rods  it  was  directed 
special  attention.  Initial  sagging/deflection  was  determined  from  the 
f oraula 


M'/„  ( *cp  I h,  ■ 


ft,  ftj 


where  h,,  h2,  htf  - thickness  of  rod  at  ends  and  in  the  aiddle  part; 
/im„  - great  distance  from  the  plane  on  which  lie/rests  the  rod 
concave-down,  to  the  upper  surface  of  rod. 


Centering  of  rods  was  realize/accoaplished  as  follows.  On  the 
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supporting/reference  pad  of  tip  bearing  with  accuracy/precision  on 
the  order  of  0.02  bb,  were  located  the  rotational  axes.  On  rods  with 
the  sane  a ccuracy /prec ision , were  deposited  the  risks.  During  the 
installation  of  rod  into  support,  the  risks  on  the  surface  of  rod 
were  coabined  with  rotational  axes,  then  the  end  of  the  rod  was 
record/fixed  by  special  fixers.  Thus  was  reali ze/acconpl ished 
sufficiently  precise  centering  and  was  eliainated  the  displaceaent  of 
rod  relative  to  rotational  axes.  This  centering  render /showed  more 
precisely  than  centering  with  the  aid  of  the  sensors  of  strain  dK -25. 

Rod  in  tip  bearings  was  placed  into  the  furnace  of  testing 
nachine  and  was  heated  to  tenperature  of  300°C  for  1.5  hours.  Then  to 
rod  was  applied  caapressive  force  4900  H by  the  natural  load  through 
the  lever  of  testing  nachine.  In  the  process  of  testings  with  the  aid 
of  indicators,  were  measured  axial  strains  with  accuracy/precision 
0.01  am.  Por  critical  time  was  accepted  the  time  from  the 
torgue/aoment  of  the  load  application  to  the  torque /aoaent  of  the 
exhaustion  of  the  bearing  capacity  of  rod.  Test  results  are  shown  by 
circles  on  Pig.  5. 
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Fig.  5. 


Fig.  6. 


i 

Key:  (1).  calculation  according  to  the  circuit  of  the  idealized 
double  T calculation  "according  to  spaces".  (2).  calculation 
according  to  criterion  "of  ultimate  strain".  (3).  calculation  of 
author.  (4).  experiment. 


Page  72. 


Fig.  4,  gives  the  theoretical  and  experimental  curves  of  the 
axial  strain  of  middle  filament  for  the  rods  whose  critical  tiie  is 
most  close  to  computed  value.  Fig.  4a,  depicts  the  curve  of  axial 
strain,  obtained  during  rod  testing  with  the  initial 
sagging/deflection,  which  does  not  exceed  the  accuracy /precision  of 
its  measurement  0.0/ mm.  For  a comparison  is  given  calculated  curve  of 
axial  strain  for  a rod  with  initial  sagging/deflection  U"„  0,001  mm. 
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During  testing  of  the  rod  the  curves  of  creep  of  which  are  given  to 
Fig.  4b,  in  tine  interval  from  20  sin  to  1 h of  30  min,  the 
temperature  was  understated  on  4-5°C. 


In  the  process  of  testing,  was  conducted  the  visual  observation 
after  the  sagging/deflection  of  rods.  For  this  purpose  in  the 
reheating  furnace  before  the  rod,  was  secured  metallic  rule,  and 
through  inspection  window  in  furnace  it  was  possible  to  control  the 
sagging/deflection  of  rod.  In  this  case,  the  accuracy  of  observation 
was  0^1-0.  2 mm.  As  a result  of  visual  observations,  it  was  noticed 
that  the  rod  with  the  initial  sagg ing/def lect icn,  in  effect  egual  to 
zero,  has  critical  sagging/def  lect  ion  ir  mm,  i.e.,  0.31  h.  Under 

critical  we  understand  such  sagging/deflection  after  achievement  of 
which  the  rod  is  destroyed  during  2-3  s.  For  rods  with  initial 
sagging/deflection  0.1  mm  value  irM,  — \ mm  cr  0.5  h,  with  IT,,  -U,:<  mm 
value  W — ,x  mm  or  h. 


Comparing  data,  presented  in  Fig.  4 and  5,  we  note  that  the 
results  of  calculation  will  agree  well  with  the  results  of 
experiment.  The  voltage  distribution  in  the  mean  section  of  the  rod 
(see  Fig.  3)  is  close  to  voltage  distribution,  obtained  by  the 
calculation  method  "according  to  spaces"  and  given  to  Fig.  6.13  in 
work  ( 4 ]. 
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In  Fig.  5,  are  plotted  the  values  of  critical  tine,  presented  in 
[4]  and  calculated  according  to  the  criterion  "ultimate  strain",  by 
method  "according  to  spaces"  and  according  to  the  circuit  of  the 
idealized  double  r.  Horeover  in  method  "on  f paces"  is  noted  the  time, 
which  corresponds  to  sagging/deflection  It ' - Jr,  — - 0,46  cm,  where  r , - a 

radius  of  inertia  of  the  section  of  rod.  In  experiment  this  value  of 
sagging/deflection  is  reached  at  the  very  moment  of  destruction.  If 
we  in  the  torque/moment  of  the  exhaustion  of  the  bearing  capacity 
accept  that  torqua/moment  when  IT  — <x>,  then  it  is  possible  to  obtain 
the  high  value  of  critical  time. 

The  criterion  of  ultimate  strain  is  simple  in  use,  it  gives  good 
and  reliable  results;  however,  it  is  applicable  with  the 
insignificant  initial  sagging/deflections  (in  our  case  are  less  than 
0.0125  h) . The  propagation  of  this  criterion  for  large  initial 
sagging/deflections  requires  supplementary  investigations.  The 
calculation  method  according  to  the  circuit  of  the  idealized  double  T 
gives  the  high  values  of  critical  time. 

REFERENCES 

1.  J.  L.  Sanders,  Kh.  G.  Hak-Komb,  poppy-combination,  F.  R. 
Shlente.  Variation  theorem  for  creep  with  application/appendices  to 
plates  and  rods,  "mechanics". 


1965,  No  6. 


DOC  = 78067905  PAGE 


n 


2.  V.  V.  Novozhilov.  Theory  of  elasticity.  1. , Sudpromgiz,  1958. 


3-  R.  Hill,  flathematical  theory  of  plasticity.  H.  , the  state 
Technical  Press,  1965. 

4.  A.  S.  Vol'mir.  Stability  of  the  systems  being  deformed.  H. , 
"science",  1967. 


5.  A.  P.  Kuznetsov.  Stability  of  the  compression  members  from 
Duralumin  under  conditions  of  creep.  PHTF,  1961,  No  6. 


The  manuscript  entered  15/VI  1972. 


DOC  = 78067905  PAGE 


Page  73. 

ON  THE  SHAPE  OF  B7  DIES,  IN  SUPERSONIC  FLOW  HAVING  RESISTANCE  AND 
NOIIENT  WITH  RESPECT  TO  LONGITUDINAL  AXIS. 

G.  I.  flaykapar. 

Is  given  an  example  of  the  pyramidal  body,  which  possesses  in 
the  supersonic  flow  the  moment  with  respect  to  of  longitudinal  axis 
at  zero  angle  of  attack. 

The  rotation  of  the  flying  body  of  its  relatively  longitudinal 
axis  is  utilized  f cr  different  target/purposes  and  can  be  created  by 
artificial  means.  For  supersonic  flight  speed,  it  is  possible  to 
indicate,  however,  the  form  of  the  unrotated  pyramidal  body,  which 
ensures  the  initial  moment  with  respect  to  of  longitudinal  axis  at 
zero  angle  of  attack.  Besides  force  component  in  the  direction  of 
longitudinal  axis  (resistance),  the  remaining  force  component  and 
to rgue/moments  will  be  in  this  case  equal  tc  zero.  The  surface  of 
this  body  is  formed  by  the  planes  of  the  current  of  flow  after  the 
step  shocks  of  packing/seal  and  undisturbed  flow.  Plane  A BCD  - 

plane  of  Jump  with  angle  of  the  slope  9 to  the  rate  of  undisturbed 
flow  «„  (Fig.  1),  angle  6 - angle  of  the  slope  of  velocity  vector 


after  jump.  Let  us  determine  that  comprise  in  the  direction  of  X-axis 
of  the  tor que/mom»nt,  which  acts  on  the  dihedral  angle,  formed  by 
planes  ORP  and  ORD. 
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Page  74. 

Pressure  gas  on  surface  OFO  anil  ort  identical  is  equal  to  pressure 
after  jump,  pressure  on  surface  ogp  is  equal  to  pressure  in 
undisturbed  flow;  therefore  unknown  comprising  of  the  torq ue/momen t 

where  Tf(  ^,«i.  ^ ) . Vll-  J 


' - the  length  of  body,  * - t he  angle  betwetn  the  meridian  planes, 
which  consist  step  shock,  N - riach  number,  p - air  density,  y - 
specific  heat  ratio,  >v  - the  projection  of  surface  ORD  on  the 
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plane,  perpendicul  ar  to  axle/axis  y,  index  is  related  to 

undisturbed  flow.  Value  jv  is  equal  to 

j¥  ■ f,  'n 11 '« 


therefore 

U,  '■  in- »«n  <, 

If  angle  s ; " , >i  - integer,  then  of  dihedral  angles  it  is  possible  to 
comprise  the  surface  of  the  pyramidal  body  whose  cross  section  will 
have  a form  of  2n-angle  (Fig.  2),  for  which  will  act  the 
torque/moment 

f:i  2 n 

»l,  II  , i • p «/«  tH***  t«-  ,j 

Are  different,  from  zero  only  force  component  and  torque/moment,  that 
act  on  body  surface  in  the  direction  of  X-axis. 

Torque/moment  decreases,  when  body  rotates  around  axle/axis  in 
positive  direction. 


The  manuscript  entered  18/XII  1972. 
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SOKE  PROBLEMS  OF  PLANE  VORTEX  FLOWS  OP  INCOMPRESSIBLE  FLUID. 

V.  S.  Sadovskiy. 

Are  obtained  in  an  explicit  form  the  exact  solutions  of  the  task 
of  the  eddy  of  the  incompressible  ideal  fluid  in  circle  for  the  case 
of  vorticity  distribution  Q according  to  the  laws:  0 = u sign  y,  Q = 
u sign  (xy).  where  u = const.  Is  examined  the  case  of  the  evenly 
vortex  flow  in  half-fringe. 

1.  As  is  known,  besides  irrotational  flow  of  incompressible 
fluid  complete  equations  of  nav'ye  - Stokes  satisfies  even  class  of 
Vikhrev  of  flows,  which  have  constant  value  of  eddy/vortex  (in 
flat/plane  case).  Prom  this  point,  any  exact  solutions  of  this  type 
of  the  motion  of  the  incompressible  fluid  are  of  certain  interest.  It 
is  necessary  to  note  that  the  solutions  of  the  problems  of  the  evenly 
vortex  flow  in  finite  domains  can  be  used  in  the  theory  of 
elasticity,  since  there  appear  identical  boundary-value  problems,  and 
also  for  the  invas tigation  of  the  course  of  viscous  fluid  in  the 
channel  of  the  corresponding  cross  section. 
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The  constancy  of  eddy/vortex  in  all  flew  leads  to  essential 
simplif  ications  daring  the  solution  of  problems,  since  it  makes  it 
possible  to  utilize  the  well  developed  apparatus  of  the  theory  of 
complex  variable  functions  (TFKP)  . For  the  first  time  the  methods  of 
TFKP  for  the  study  of  vortex  motions  of  liquid  were  used  by  S.  A. 
Chaplygin  [1,  2 ] a nd  subsequently  cne  way  or  another  is  won 
acceptance  in  foreign  and  Soviet  literature. 


In  this  work  the  methods  of  TFKP  are  used  for  obtaining  some 
exact  solutions  of  two-dimensional  stationary  Vikhrev  the  motions  of 
the  incompressible  fluid. 

2.  Let  us  examine  the  flow  of  ideal  fluid  in  the  range,  which 
represents  by  itself  circle  with  a radius  of  R.  Let  the  eddy/vortex  Q 
be  distributed  according  to  the  law  G = u sign  y,  where  » = const 
isolating  only  upper  (lower)  part  of  the  circle,  we  obtain  the  flow 
of  the  mentioned  above  class  Q = const.  (Let  us  note  that  the  known 
exact  solution  of  Chaplygin  [3]  it  is  given  for  the  case  when 
eddy/vortex  is  proportional  to  the  function  of  current).  Let  us 
relate  all  linear  dimensions  to  value  R.  In  that  case  the  zone  of 
flow  in  plane  z is  limited  by  unit  circle  (Fig.  1)  . The  function  of 
current  M l*.  v).  introduced  in  the  usual  way,  satisfies,  as  is  known, 
the  equation  of  Poisson  A'l  uwj.  where  A - operator  of  Laplace  in  the 
coordinates,  in  reference  to  a radius  R.  In  view  of  the  obvious 
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symmetry  of  flow  relative  to  X-axis,  is  logical  subsequently  to 
examine  solution  only  for  the  upper  part  of  the  circle  AOBCA,  where  Q 
- u. 


Page  76. 

function  i (r,  v)  let  us  search  for  in  the  form 

1'  “ + — <*>/?'■’  /,3'4  (r-  r-  . v>),  (2.1) 

where  + - to  be  determined  harmonic  function.  Sat/assuming  ,,  t » , y> 

equal  to  zero  on  the  boundary  of  semicircle,  from  (2.1)  we  find: 

I U >«»/■»  tonal,  e^ACB. 

W - , l*  -> 

I / > I.  jQ  AOS. 

Thus,  the  task  of  determining  the  flow  is  brought  to  the  known 
boundar y- value  problem  of  the  Dirichlets  — to  determination  of 
harmonic  function  (■*•  .v)  in  its  known  value  (2 .2)  on  boundary. 

It  is  resolvable  the  interior  of  semicircle  AOBCA  of  plane  z to 
the  upper  part  of  the  plane  C with  the  aid  cf  the  function  of 
.Toukowski 

• * ~ h "I*  + )■ 

In  thir  case,  points  A,  C,  E,  O transfer/convert  respectively  in  5 = 
1;  0;  -1;  > (fig.  2),  and  the  value  of  function  > on  boundary 
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proves  to  be,  as  it  is  not  difficult  to  test  that  equal  to 

\ u ,R-(  . I • 

u>W«/4.  — 

; + i s"])3-  • > 1 • 

Por  determination  +(;.  i)  we  will  use  now  known  Poisson  integral 
for  the  upper  half-plane  (for  example,  see  [4]).  As  a result  the 
unknown  function  <p  can  be  written  in  the  form 


+<*».*>- 1’  »,■  (-5» 

J <«  i ifi 

— 00 

where  C-So-ti^i  - certain  fixed/recorded  point  of  upper  half-plane,  £, 
and  is  given  by  expression  (2.4).  It  is  convenient  (2.5)  to 

present  in  the  form 


*RJ  u i n i \ 3, 

’ ) it  : J(S  - ;„)'J  1 

- \ 

i-i-i?  i)*«  ‘rl-iiia.. 


(2.6) 


/,  V I 1 . •.  "I  . Uj  ,* 

! (;  - ;„)a  +-  1)5  J ~ 4 *> 
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specific  technical  difficulties-  For  an  exaiple  let  us  calculate  I3. 


Let  us  pass  in  I3  fron  plane  S into  plane  z.  This  to  the 
equivalently  following  replacement  of  variable  in  the  integrand: 
t - ; j I f5  whence 


i j_o 

2 t 


<U.  if: 


i - o 
20 


. u 


<2«) 


The  variable  t indicates  the  sliding  point  cf  integration  on  cut  [-1, 
0 ] of  plane  z.  Expression  in  denominator  I3  can  be  converted  taking 
into  account  the  fact  that  from  (2-3) 


We  have: 


obtain : 


/j  - r sin  (l 


I t CnP  _ 

2 tx  |-  1 ) (f  2 lx  |-  r ■) 

4 fit  • 

8)  and  (2.9) 

into  I3  and  some 

n 

n . * _ 

o | 

.ft 

| l 0-2 1 x +-  r3 

Or'  -'It  v ■ 1 1 

(2.0) 


(2.10) 


Integral  (2.10)  is  tahular  and  easily  it  is  taken  in  an  explicit 
form. 


By  analogous  form  is  calculated  I,. 
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Oeitting  all  intermediate  eatheaatical  lining/calculations,  let 
us  give  the  resultant  expression  for  functioning  the  current 

#): 


K(r,  «)  =>  I arctg  « + .rctg 

4 n | (I  - rJ)stn'l  (i 


|-  r3)  COS  0 
r3l  sin  (t 


1 sin  0 — J — ! — -r-  sin  2 N In 


I— 2 r cos  8 I 


I r> 


r3  cos 


I ^ 2 r cos  tl  \ rJ 

„ ( I — r cos  8 I + r cos  fl  \ 

2 » [ srclR  - i sicir  — — „ J 


cos  2 9 
r* 


^nrctR  - 


cos  0 
sin  W 


- + "fc'K 


r j cos  0 \ 


sin  fl 


| nr7 


(2  II) 


J 


Pig.  2. 


Page  78. 


is  an  exanple  let  us  give  another  expression  for  distributing 
the  rate  accordinj  to  radius  r when  9 * r/2,  which  is  obtained  by 
substitution  0 = w/2  in  (2.11)  and  by  its  subseguent  differentiation 
with  respect  to  r: 

I <»'(  I + I / | | • , 

“A*  A>  ,/r  r nr*  ~Vr  (,  ,,rclII~+  rJ  ari:^r)  ~ y ' (-12) 


Pig.  3,  depicts  the  velocity  profile  with  x = 0 in  portions  uR, 
designed  on  relationship/ratio  (2.12).  Velocity  in  points  o and  C 
(see  Pig.  1)  is  equal  to  respectively 


»o  - 0.424;  - I 


0,363. 


3.  Let  us  examine  now  flow  in  circle  with  a radius  of  R in  the 
case  when  eddy/vortex  Q is  distributed  accotding  to  the  la w a = u 


L 
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sign  (xy) , u = const.  During  this  vorticity  distribution,  the  flow 
proves  to  be  sy  met  rica  1 both  relative  to  the  y axis  and  relative  to 
X-axis  (Fig.  4) . Therefore  subsequently  is  exaained  only  the  first 
quadrant  of  the  circle  of  A08CA,  where  u „ 

As  earlier,  let  us  relate  linear  dimensions  to  the  value  of 
radius  R,  and  the  function  cf  current  m to  search  for  in  the  form 
(2.1).  For  the  value  of  the  unknown  function  + on  boundary,  remains 
valid  relationship/ratio  (2.2). 


Let  us  represent  region  AOBCA  consecutively  to  the  interior  of 
the  semicircle  of  plane  t.  (Fig.  S)  , and  then  to  the  upper  part  of  the 
plane  C (see  Fig.  2)  respectively  ty  the  functions 


t i i it «-  .*». 


■i-K)- 
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Page  79. 

In  this  case  the  value  of  function  >V  on  boundary  ij  — o proves  to  be 
equal  to: 

\ «'W»(£  — I I ).  I. 

i,  const.  I • I.  (.1.1) 

I 

I II.  I. 

Integral  of  Poisson  (2.5)  when  iv.  expressed  by 
relationship/ratios  (3.1),  also  is  conveniently  written  in  the  form 
of  three  integrals  (2.6),  from  which  I2  (on  the  cutting  off  [-1,  1 ] 
it  is  taken  immediately.  Other  two  integrals 
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also  are  taken  in  an  explicit  form,  if  we  in  integrands  pass  from 
plane  C to  plane  t.  For  example,  for  I3  this  equivalently  to  the 
replacement  of  a variable  of  type  (2.8)  and  (2.9),  after  which  for  an 
integral  is  obtained  the  expression,  almost  analogous  (2.10). 

Omitting  very  cumbersome,  but  elementary  intermediate  calculation, 
let  us  give  the  resultant  expression  for  functioning  the  current 

'I  (r.  •)), 

,1  that  describes  flow  in  the  first  quadrant  of  the  circle  (see  Fig. 
4)  : 


'I  (r,  0) 


I it 


2 r’  | (t  | r1)  cos 

affl8  /I  , Iwin’Xl 


<•>11 


2 r3  - ( l -•  r*|  cos  2 II 


\ 1 i , \ ■ 

(I  t4)  sin  2 0 ll11  (1  r')  sin  2 0 


- 2 r-  In  i - sin  2 0-  ' ^ ’ ' sin  2 0 In  ( I 2 r‘  cos  I 0 r*) 


— r'  f I j r- cos  2 0 I — rJ  cos  2 (l\ 

r,  (it  — 4 0)cos  2 9 --  r3  cos  2 0 farcin  fIsln.,„  • nrcl|>  j 


cos  2 0 


■ cos  2 0 


For  obtaining  the  solution,  fcr  example,  in  the  second  quadrant, 
it  suffices  in  (3.2)  to  carry  out  a transform  of  the  rotation  of 
plane  to  angle  */ 2 and  to  change  sign  of  eddy/vortex  w.  In  other 

words,  is  sufficient  in  (3.2)  to  make  the  replacement:  <•  ♦ — 

o ->»  — JL  . 

2 

It  is  not- without-interest  to  determine  the  form  of  solution 
(3.2)  with  r 0,  i.e.  , to  find  the  asymptotic  behavior  of 

solution.  Expanding  all  terms  (3.2)  in  a series  on  r and  being 
limited  only  by  the  members  of  order  r2,  we  obtain: 

ui  P . ! 3 

■f  jj-^  r>  (in  R-  I ) Sill  2«.  (3  3) 

Here  the  line  above  the  letter  means  that  the  corresponding  value  is 
referred  to  certain  arbitrary  size/dimensicn  i,  not  connected  with  R. 


2 it 


In  r5  sin  2 0 - f --g  — 2 fi]  cos 


cos  2 0 | „ 


DOC  = 78067905 


PAGE 


♦ 


Page  80. 


As  one  would  expect  that  asymptotic  behavior  is  defined  "purely” 
vortex/eddy  solution  obtained  earlier  in  work  [5],  and  by  certain 
addition,  which  satisfies,  as  it  is  not  difticult  to  test  and  also  in 
accordance  with  [5],  to  the  equation  of  Laplace. 

In  conclusion  let  us  note  still  one  fact.  First  term  in  (3.3) 
gives  the  asymptotic  form  of  the  solution  of  vortex  flow  in  the 
vicinity  of  the  apex/vertex  of  right  angle  without  the  account  of  the 
curvature  of  the  flow  lines,  which  form  right  angle.  The  effect  of 
the  curvature  of  flow  line  can  be  revealed  from  solution  (2.11),  if 
it  are  examined,  for  example,  in  the  vicinity  of  critical  point  A 
(see  Fig.  1).  For  this,  it  suffices  to  decompose  this  solution  in  the 
vicinity  of  point  z = of  -1.  This  prccess/operation  was  made. 


PAGE 
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Omitting  extremely  cumbersome  and  numerous  calculations,  let  us  write 
the  final  result: 


«>/»  - 


Here  p,  * - polar  coordinates  with  focus  at  point  A(-1,  0)  ; the  lines 
above  R and  p neaa  that  these  values  are  referred  to  certain 
arbitrary  linear  dimension  l.  In  expression  (3.4)  are  reject/thrown 
all  the  terns  whose  order  on  p is  higher  than  the  second.  As  is 
evident,  the  effect  of  the  curvature  of  flow  line  AC  with  the 
accuracy/precision,  which  exceeds  p2,  does  not  nanifest  itself  in  the 
dominant  term,  which  gives  "purely"  vortex/eddy  part  of  the  solution 
(expression  in  the  brackets),  but  is  exhibited  only  in  the  potential 
addition,  which  has  the  higher  order  of  snallness,  than  first  tern. 

In  this  vortex  flow  differs  from  the  potential,  where  the  effect  of 
the  curvature  of  flow  line  on  the  velocity  gradient  is  exhibited 
already  in  dominant  tern.  For  exanple,  during  the  flow  around  the 
circle  (see  Fig.  1)  by  the  potential  flew  ccmplex  potential  in  the 
vicinity  of  point  A it  has  the  form; 

[—*  + <#  + R)  + + •••]. 

_ 2 l'oo 

~ ~ R 


4.  Let  range  of  evenly  vortex  flow  represent  by  itself  triangle 
OAB,  in  which  apex/vertex  0 is  distant  into  infinity,  cut  AB 
lie/rests  on  y axis,  and  side  BO  coincides  with  positive  part  of 
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X-axis.  Let,  farther,  the  task  be  calibrated  so  that  side  AB  of 
triangle  is  equal  to  v,  i.e.,  to  point  A corresponds  z = ri. 

Onlike  preced ing/previcus,  the  function  of  current  vt*.  y)  let 


us  search  for  in  the  fora 


V = + — "»y3/2. 


It  is  easy  to  test  that  the  unknown  function  +(jr,  yj  and  in  this 
case  satisfies  tha  equation  of  Laplace.  If  we  on  boundary  of  the 
region  assuae  H'^o.  then  of  (4.1)  it  follows  that 


--  const,  * (•_  AO, 


<Ji4  = uir- 
~2~  ' 
0 . 


z^ACB, 

zf:HO 


(point  C is  located  on  the  Biddle  of  cut  AB) 


As  earlier,  it  is  resolvable  half-fringe  OABO  to  the  upper  part 
of  the  plane  £.  This  representation  is  rea lize/accoaplished  by  the 


function 


C .=  E -f  ttj  — ch  2, 


■oreover  the  conforaity  of  the  points  of  boundary  of  the  region  is 
shown  on  Pig.  2. 


Proa  (4.2)  it  follows  that  on  boundary  ACB  r = arc  cos  5; 
therefore  on  axle/axis  C the  function  i)  takes  the  values: 
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4.^0 


| •u*,/2I 

“••ccov'c. 


I <5  v I. 


Page  81. 


Since  when  the  boundary  value  f,  does  not  grow/rise, 

the  function  »i)  is  determined  as  before  by  integral  of  Poisson 
(2.5)  , «ho  can  be  written  in  the  fern 


...  r %4(  .'  t,  mteo 

2*  n'  (7^1*77^  f o - w»+  vl 


The  first  integral  easily  is  taken  in  an  explicit  fora.  In  the 
second  integral  denoainator  with  the  aid  of  the  relationship/ratios 

Sn  — ch  t cos  v.  = 'll  ' 'in  v, 


those  escape/ensua  froa  (4.2),  can  be  written  in  the  fora 


(5  — f-  »!?,  •*  i1  2 5 rli  x CO'  v l (sh-  x f cos-  y). 


As  a result  the  expression  for  functioning  the  current  *(*■  .*> 


takes  the  fora 


...  . “>  / I (-  ell  Jt  COS  V 

4 ( *.  V)  — x . it ■ arecte  . -iv-’  ■ 

' 2 it  I * sh  » sin  v 

i 

, . C arccos-';rf;  \ 

* r * " V J — 2 5 cii  t cos  y j sh’ .»  ( cos’  y I ' 


Unfortunately,  it  is  impossible  to  express  in  brackets  the 


I 
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definite  integral  confronting  through  eleaentary  functions. 
Nevertheless  soae  properties  of  floe  all  the  sane  it  is  easy  to 
establish /ins tall. 


Let  us  determine  the  asymptotic  behavior  of  flow  when  * ■■♦«>. 
Differentiating  (4.3)  on  y and  taking  into  account  that  »b  JT  ch  X oo 
when  *-*«>.  we  obtain 

rtf  u>  / . COS  V „ v 

" - SJ  * 2r  r C"'  r + A siVv  - 2 *vl  • (44> 

I 

Where  A — J arccos3  J di  =*  «>  _ 4. 


Since  cih .» -+  i 


when  .r  -»  co.  that 


rtf 

dy 


i.e.  the  airfoil/profile  of  rate  of  flow  at  infinity  is  linear.  The 
rate  of  flow  on  walls  y * 0#  y * w proves  tc  be  equal  to  ±«*2. 

It  is  analogous*  after  differentiation  (4.3)  with  respect  to  x for 
the  saxiwun  value  of  y - conponent  of  vector  of  speed  we  obtain 

rtf  ( 2 <■> 

• — — »r  (45> 

Relationship/ratios  (4.4)  and  (4.5)  indicate  that  the  eddy  in 
half-fringe  with  renoval/distance  from  wall  x ■ 0 extreaely  rapidly 
energes  to  the  con ditions/node  of  plane-parallel  flow  with  the 
rectilinear  velocity  profile. 
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Is  of  interest  to  find  the  distribution  of  rate  on  wall  y = 0. 


After  differentiation  (4.3)  with  respect  to  y and  substitution  y 
* 0,  the  expression  for  rate  u(x,  0)  can  be  represented  in  the  fore 


« <*.  0) 


<*v 


«lh  r r __  v./v 
r 1 cof  y — ch  > 


Last/latter  integral  is  expressed  in  the  fora  of  infinite  function 
series  (for  exaaple,  see  [6],  of  page  451,  Mo  3.794),  which  in  this 
case  can  be  sinplified.  Expression  for  a rate  takes  the  fora 


«(».  0)  - 


2 « 
n 


I x III  fill 


Page  82. 


It  is  not  difficult  to  obtain  now  expression  for  a derivative  of  the 
rate: 

(jt.  0)  ~ In  cth  ?.  . 
it  r it  j 

The  velocity  gradient  along  wall  render/showed  expressed  in  an 
explicit  fora  and  in  accordance  with  [5]  it  has  at  the  critical  point 
x ■ of  0 logarithaic  special  feature/peculiarity. 
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Paqe  8 3. 

TEMPERATURE  FIELD  AND  HEAT  TRANSFER  IN  THE  FLON  OF  VISCOUS 
INCOMPRESSIBLE  GA5  BETWEEN  TWO  PARALLEL  HA  RHON ICALLT  OSCILLATING 
PL ATES. 

Ye.  N.  Zhiulin. 


Are  given  ths  results  of  the  investigation  of  the  solution  of 
the  nonhoi oganaous  equation  of  therial  conductivity  for  the  case  of 
viscous  uotion  of  the  viscous  incoipressible  gas  betweeu  the  parallel 
harmonically  oscillating  plates  of  infinite  length. 


Is  jateriinal  a quantity  of  heat,  transferred  through  the 
oscillating  surface,  when  its  teiperatura  is  laintained  by  constant, 
and  heat  supply  through  the  notionless  plate  is  absent. 


Let  us  eiailie  the  task  of  the  distribution  of  teiperature  for 


the  case  of  the  laiinar  one-diiensiona 1 flow  of  viscous 
incoipressible  gas  between  two  parallel  plates  of  infinita  length 


' 
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Tl»«*  lower  plate  (let  us  call/naee  it  plate  let  us  placa  on  <-axis 
and  let  us  assui;  that  the  rate  of  its  eotion  is  equal  to  zero.  Upper 
plate  (plate  1)  is  arranqed  at  a distance  of  h fro*  x-axis  in 
parallel  to  plate  2 and  let  ue  aaeiqn  to  it  oscillatory  notion 
accord  inj  to  the  law  ehere  u,  - instantaneous  speed  of  upper 

plate,  u0  - aaplitnde  value  of  velocity,  « - the  anqular  frequency  of 
oscillations  and  t - tine. 


For  the  forsulated  conditions  of  task,  the  equation  of  theraal 

% 

conductivity  will  take  the  fora: 


where  p - density  of  qas  (a  constant  value),  g - acceleration  of 
gravity  c - specific  heat,  T - the  tenperature  in  flow,  X - a 
coefficient  of  th»raal  conductivity,  p - a coefficient  of  dynanic 
viscosity,  r - eochanical  heat  equivalent,  u - a gas  valocity  in 
flow,  7 - y/h  - rslative  ordinate. 


Heat,  source  in  flow  is  the  work  of  the  forces  of  viscous 
friction  (besides  introduction  to  heat  flow  via  its  transnission  in 
boundaries)  which  depends,  as  this  follows  from  equation  (1),  then  of 
the  square  of  the  velocity  qradient. 


Work  [1]  shows,  that  for  the  case  in  question  the  distribution 
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of  the  rate  within  the  flow  between  two  plates 
is  determined  by  the  formula 


in  coaplax  variables 

(2) 


where  »-(!  + /)  | *»(i/p-a  kinematic  viscosity  coefficient. 

Page  84. 

Let  us  assuia  that  the  temperature  of  the  gas  between  plates  in 
the  absence  of  disturbance/perturbations  is  equal  to  T0  and  let  us 
designate  T = T0  * r,  where  r - temperature  in  flow,  caused  by  the 
oscillations  of  upper  plate. 


Determining  the  value  of  velocity  u,  derived  in  the 

fimld  of  rmml  variable,  let  us  write  equation  (1)  in  the  form 


|M 

dt 


■»  <)'  t ***0 1*  *h*  f v f i 

IT*  Pi  ay*  "*  get**  «Ka  i + tin>  7 

*(y)C0«2<»<  > H(  y)s|n2wf 
get**  (*h*  7 + »in*  7)* 


(3) 


where  7 _ * y ~ , the  number  of  Prandtl,  and  function  and 

« (y)  they  are  determined  as  follows: 

»<V)  — 4|(J  -fc)*h2  7.v.ln2ly +i(t  t ch  2 7>-  co*2  7j>^|,  I 

. _ - - , - \ ^ 

■ ^ |«  »h  2 7 v-t>m  2 7 y — (I  *»(l  t ch  2 7 J--CO*  2 7 y)|,  | 

<»ili2|>iln?7>  > « ch  2 i*co»27 


*M.v> 
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Thus,  tha  tasks  of  the  determination  of  the  temperature  profile 
in  laminar  flow  of  the  viscous  incompressible  gas  between  two  plates 
whose  motion  is  determined  above,  it  is  brought  to  the  solution  of 
the  linear  equation  of  thermal  conductivity  for  the  uniform  stream  of 
single  section  with  a length  of  h with  heat-insulated  lateral 
surfaces  and  the  internal,  continuously  acting  heat  sources. 

From  equation  (3)  it  is  evident  that  the  sources  of  heat  were 
divided  into  two  forms:  being  steady,  that  depend  only  on  y,  and 
being  unsteady,  taat  are  function  y and  t. 

Without  specifying  the  preliminarily  boundary  conditions,  a 
question  concerning  which  will  be  examined  below,  let  us  determine 
the  solution  of  equation  (3).  In  this  case,  let  us  assume  that  number 
Pr  = 1.  By  virtue  of  the  linearity  of  equation  (3)  solution  let  us 
search  for  in  the  fora 
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where  r*  - teaperature  of  disturbed  flow,  caused  by  the  presence  of 
stationary  heat  saurces  and  dete.nined  froa  the  ordinary  differential 
equation  of  the  second  order 

<**'  "•i*  *h:  i *»•»>  x£_  n (6. 

jyi  <g!  *h«  7 + *in!  7 “ ' 


The  t eaperat  are  r",  caused  by  the  presence  of  unsteady  heat 
sources,  will  satisfy  the  equation: 


2 

<*>”  ^ ^ r tt  ( y)  CO#  2 | M ( v)  Mu  2 ■"/ 

fi  A*  ,iyt  ■ (|M*  (»h-  7 f »ln>  7)1 


The  solution  of  equation  (6)  is  found  ty  direct/straight 
integration  and  takes  the  fora 


T 


ch  2 | v - co*  2 iy 

»h*  7 -f  sin*  7 - 


f *v  + r,. 


(8) 


Where  c and  C,  - the  arbitrary  constants,  deterained  froa  boundary 
condi tions. 


Let  us  deter  i ine  the  solution  of  equation  (7).  Let  us  designate 
for  the  brevity 


A*  “ M M gl A-(»h*  7 t *ln*  7): 

Key:  (1).  and. 


- s 
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and  lot  us  write  aquation  (7)  in  the  foes 


M-^4  + A/»t  v)io»2»  * A'  H ( y)  sill  2 •••< 

<iy 


(7»> 


Page  8S. 

Since  within  flow  act  the  heat  sources  whose  power  is  changed 
according  to  harianic  law,  it  is  logical  to  assune  that  temperature 
r M will  follow  this  same  law  [2].  Therefore  the  solution  nf  equation 
(7a)  let  us  search  for  in  the  fora 


r"  ■*-  /’(  I-)  cos  2 ~t-  0 (v) sin  2 ■'(. 


(9) 


where  P(y)  and  Q(y)  - the  functions,  to  be  determined. 


Substituting  the  value  r",  determined  ty  relationship/ratio  (9), 
into  equation  (7a)  and  by  accumulating  terms  with  cos  2 .../  and  sin 
2 »•  will  obtain  for  determining  the  functions  P (y)  and  Q (y)  the 

system  of  the  ordinary  differential  equations: 

- 2 mP  ( V)  .=  MQ”  ( v)  -f  N»  (V).  1 

2»17(.V)”  W”  (})  + ( v).  I ll0> 


Are  here  designated 
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Dif f 2 rentiat L ng  twice  second  equation  (10)  and  substituting  for 


to  the  derivative  Q"  (7)  its  value  froa  first  equation  (10),  we  will 
obtain  for  determining  the  function  P(j^  the  ordinary  differential 
equation  of  the  fourth  order: 

P'w  ( y ) +4  m‘P(y)  = - w «(y)_  — »"(  v).  (II) 


Where 


The  general  solution  of  the  homogeneous  differential  equation 


CIV  ( y)  + 4 m*  P ( v)  =•  0. 


coinciding  with  the  equation,  describing  the  curvature  of  beam  on 
elastic  support  under  the  action  of  concentrated  force  [3],  can  be 
written  in  the  fora: 

A (y)  =■  fi  my-cosm  y + r,  ch  m v-sln  my  4-  r;,sli  m v-cos  my  4 r4  sh  mysln  my,  (12) 


where  clf  c2,  CJf  c4  - arbitrary  constants,^  m = Let  os  note 

that  the  roots  of  characteristic  equation  for  equation  (11a)  they 
will  be  r,  m(l  rt  0 and  r3  4 = _ m ( I ± <)• 


Let  us  find  now  the  particular  solution  of  nonhomogeneous 
equation  (11).  Let  us  examine  in  more  detail  the  right  side  of  this 
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equation,  which  after  the  substitution  of  the  values  of  function  • (y) 
and  H<v)  froa  (4)  will  take  the  fora 


, 2 T»  N m.V  \ _ _ - 

V~lf  j m,  I |<i  »h  2 jv*ln  2 jy  (I  A)  ch  2 j y • i o*  2 f _y| 


u.N 

(I  • *)  -jjfi' 


The  last/latter  ten  of  the  right  side  of  the  equation 
represents  by  itself  a constant  value;  therefore  iaaediately  we 
obtain  one  of  the  particular  solutions  of  equation  (11)  in  the  fora 
of  "static  shift": 

• (l3' 


First  tera  of  right  side  contains  products  »ii 2[  v«in 2 if  and 

ih 2 7»ro» 2 1 v.  Utilizing  expressions  of  hyperbolic  and  circular 
functions  in  exponential  fora,  and  also  the  fact  that  the  roots  of 
characteristic  equation  for  equation  (11a)  are  not  equal  to  2y , it  is 
possible  in  accordance  with  [ 3 ] to  search  for  particular  solutions 
for  the  reaaininq  right  aide  in  the  fora  • »i  «'  • <>  r , where  the 

unknown  it  is  conatnnt  A„.  Let  us  determine,  however,  particular 
solution  In  the  equivalent  fora,  which  considerably  reduces 
calculations,  naaaly: 

0«> 


/«<y) A rli2  iy  ro»2  j v 4 I >h 2 7 y»m  2 jv 
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Constant  values  K and  L are  located  by  the  equating  of  the 
coefficients  of  the  products  of  functions  > h 2 r»  rot 2 -,y  and  «n2  ,yttn2 T» 
after  substitution  of  expression  (14)  into  equation  (11)  with 
right  side  without  constant  (1  - »)  Carrying  out  these 

calculations  and  opening  values  of  N and  N#  we  will  obtain: 


/v  -('-*)  4(j eg  1 (gilt  j I .In-T)»  ' 

«o 

1 “ a 48  cgl  (shs  7 -f  tin*  j)>  ' 

which  determines  the  value  of  function  Ps  (7)  in  the  fora 

"l  |(l  b)  ch  2 7 y • cot  2 j v a tli  2 7_v*l»  2 i.vl 
/,'(v,“  4«rjr/(tli»i  + »ln»|P  ,l4*) 

Sunaarizing  solutions  (12),  (13)  and  (14a)  and  carrying  out  the 
necessary  transforms,  let  us  determine  function  P(7): 

/’(  V)  ■- i‘| « li  ifiv-i  o\  m v’  ( i ; t li  m vsln  mv  i i,th  m y.cot  my  r4  til  mvtiti  my  4 

M"  M i ell  2 iy  ■ i on2  j y)  « ill  2 j y-tln  2 j v 

<Ni*>/  (til’ l f tin*  I*®) 


Function  3(7)  if.  determined  fros  second  equation  (10)  , also, 
after  the  substitution  of  values  P»  (y)  and  »(y)  and  conducting 
conversions  is  reduced  to  the  fora 

•.Mv)—  • «,  tli  mynn  m y ( i,iliny-rniny  < ch  nv'ln  m y ) r4  ch  m ycot  my  + 

•‘n  (1  M(tli  2 ; v »m  2 t v | <i  (3  ) ch  2;  y-co»  2 yv)  .... 

* 4R</?/  (til'*  I I will*  y)J  ~ ’ 
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Thus,  the  dat erminat ion  of  functions  P(y)  and  Q(y)  stated 
problea  is  solved  in  general  fora  to  end. 


Let  us  examine  now  a question  concerning  boundary  conditions.  In 
expressions  (8),  (15),  (16)  enters  six  arbitrary  constants:  c,  c, 

c4  e,  c <4  For  boundary  conditions  for  the  function  r",  determined 
by  relationship/r i tio  (9),  would  be  satisfying  independent  of  time  t, 
it  is  necessary  to  require  their  execution  with  J = 0 and  1 it  is 
separate  for  functions  P(y)  and  Q(y).  This  will  give  system  of  four 
algebraic  linear  equations  for  determination  unknown  the  constants 
e,  cx  c*  Analogously  for  the  determination  of  the  constants  c 

and  t,  if  is  necessary  to  satisfy  the  condition  with  y = 0 and  1 for 
function  rC 


As  an  exaapl)  let  us  examine  a temperature  field  in  the  flow  of 
the  viscous  incompressible  gas  and  a quantity  of  heat,  isolated 
through  plate  1,  xt  constant  temperature  T„  on  it  and  zero  heat 
current  through  plate  2. 


In  other  words,  boundary  conditions  for  this  example  will  be: 


y-o. 

d.v  ily  ily 

y—  f-o,  /'(yJ-O.  ^(v)„0 


(17) 
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The  satisfaction  of  conditions  (17)  for  functions  p (f)  and  0(7) 
reduces  to  systea  of  equations: 


* i i’ll  /h  cos  m 


«i  ♦ <t-*0;  r,  ra— 0; 

< , cli  « *m  m | td  m to*  m ) -4  th  m tin  m f 

. «« (3  ,|J  2/k  /.S) 

/(sli-  j | tin*  j) 

, *h  m tin  m | r,  th  m cot  m , , ch  * tin  m * c,  ch  m cot  m 

< tfl  (tli*  i | tlii-'^ja  ' 


whence  we  obtain  for  the  arbitrary  constants  of  the  value; 


f..  > r»  •*  0; 


"v  l<«*»hm«Jn  m—  (3-  «»-2»  - A»)  ch  m cot  «>  | 


•*1<  ‘gl  (»!>■  | -f-  tin-'  y)3(sIi-  m i cot-  m) 


"?>  M <i  ch  m cot  m f 13  li  -'Jh  M)  th  m tin  <*») 
4A  rgf  (tha  7 -|  tin-  f)i(th*m  4 cot>  m) 


(18) 
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of  boundary  conditions  (17)  for  function  r' 

in  the  forn 

"l 

& '*/(••»*  7 ) tln’i) 


Analogously  satisfaction 
gives  values  of  c and  c, 


. ~o. 


(IN») 
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Thus j the  teiperature  distribution  over  the  section  of  flow  will 
be  deters! aed  by  the  forssla: 


r r. 


■ , "»  ( , th-  f * i tin*  t v \ . 

t . . I I ' i (ii'h 

♦ i V \ *hJ  j i tin*  | ) 


ill  my -lot  m\  i • , tli  mv-tin  mv  t 


j "<>  (I  M(3  I ch  2 i v*i‘o*  2 uy)  ii  sli  ,*  jvtin  2 iv 

it  igl  (til-  j f tin’  j)-' 

i ! tli  mv-tin  mv  1 4 i ll  mv  rot  mv 

"6  (I  *)th  2 j vtln  2 |v  I </(3  t rh  2 (t>Tot  2 (*>» 
iArgl  (th:'  | i tin*;)* 


tin  2 .«/, 


(lQ> 


where  <*,i  sad  tee  determined  by  relat  ionship/r&t  ios  (18). 

Pros  fornwla  (19)  it  follows  that  the  tesperature  of  flow  is 
sussed  up  fres  stationary  part,  which  is  function  y,  and  unsteady, 
which  depends  on  y and  t.  When  in  cos  2ut  or  sin  2wt  receive  zero  or 
equal  values,  the  tesperature  profiles  for  the  appropriate  moments  of 
tine  coincide. 

He  investigate  the  effect  on  the  distribution  of  the  tesperature 
of  value  y,  considering  that  its  changes  are  determined  by  frequency 
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It  is  known  that  for  the  steady  flow  of  Couette  ini  the  boundary 
conditions  accepted  the  temperature  distribution  in  flow  is 
deterained  by  qualratic  dependence  on  y of  the  fora 

u‘ 

r»-r,  f <i  -.»*»  (ao* 

Calculating  lia  T of  the  temperature,  deterained  by  formula 
(19),  we  will  obtain 

. +* 

? 2 

llm  r«  r,  f (I  - v=H  - % (I  v )co*2w,  (21) 

i*o  4 « »•/  it  gl 

froa  which  it  is  clear  that  the  stationary  part  and  the  amplitude 
value  of  unsteady  part  are  equal  to  each  other,  but  within  limit  with 
« * 0,  both  these  parts  fora  the  temperature  distribution,  deterained 
by  dependence  (20|  for  the  steady  notion  of  Couette.  Let  us  note  that 
function  Q (y) , that  is  factor  with  sin  2wt,  with  decrease  y vanishes. 


At  low  values  y,  the  teaperature  of  flew  is  changed 
siaultaneously  throughout  the  whole  depth  of  channel,  taking  the 
ainiaua  value  of  T = T0  on  upper  boundary  and  maximum  value*  at  any 
fixed/recorded  point  within  flow  v , T(t  . % (i-VJ).  equal  to 

temperature  steady  flows.  The  frequency  of  a change  In  the 


teaperature  profile  is  equal  to  the  doubled  angular  traffic  density 
of  plate  1,  phase  displacement  in  this  case  is  equal  to  zero. 


V 


?■ 


" 
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Physically  this  is  explainad  by  the  fact  that  theraal  energy  in 
flow,  which  appears  as  a result  of  the  action  of  the  forces  of 
internal  friction,  caused  by  the  presence  of  notion  and  does  not 
depend  on  direction  of  notion.  Oscillating  plate,  being  aoved  froa 
state  of  rest  into  the  point  of  naxinun  deviation  and  vice  versa, 
will  cause  in  flow  shearing  stresses  of  friction  and  heat  fluxes 
twice  during  one  oscillatory  period,  i.e. , during  the  harnonic 
oscillation  of  plate  1 with  frequency  w,  the  isolation/liberation  of 
theraal  energy  au3t  occur  with  double  frequency. 


Expressing  in  foraula  (19)  the  hyperbolic  functions  through 
exponential  and  taking  into  account  that  at  the  high  values  of  the 


paraaeter  y by  values 


.-i  *f 


and 


and  also  canoes  *>  <u»>  and 


can  be  disregarded,  we  will  obtain  foraula  for  tha 
tenperatnre  distribution  in  flow  when 

| mii  m sin  m v>)  - " vl  (cos  2 j cos  2 jy  -(  sin  2 j sin  2 j y )|  cos  2 


tar*/ 


I* 


-i  ttii  -n 


(cos  m sin  m y - sin  m cos  my)  — 6 11  („„  j 1 cot  j T y 


— i os  2 i sin  2 jy)j  sm  2 


(22) 
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Let  us  note  that  the  obtained  foraula  satisfies  accurately  the 
boundary  conditions  with  y = 1,  but  with  y » 0 - with  which  the 
greater  the  accucacy/precision,  the  greater  the  value  of  the 
paraaeter  y. 


Kith  the  unLiaited  increase  of  frequency  at  the  finite  values  of 
difference  1 - y f 0 are  eeeber  in  the  brackets  of  formulas  (22), 
which  depend  on  >i  and  they  vanish,  and  the  value  of  the 

teaperature  in  this  range  - to  the  Unit 


lim  T ^ T%  -f- 

i 


« eg! 


(Tit) 


Hence  it  is  possible  to  aake  the  conclusion  that  with  an  increase  in 
the  frequency  the  zone  of  teaperature  distar bance/pert urba t ions  is 
displaced  to  the  side  of  driver  and  at  the  saae  tiae  is  expanded  zone 
froa  constant  teaperature,  deterained  in  value  by  expression  (22a). 


Physically  this  process  is  explained  sufficiently  well  by  the 
dynaaic  propertias  of  the  flow  in  question.  Work  [1]  shows,  that  with 
the  low  values  of  the  paraaeter  y of  flow  disturbance  froa  the 
oscillating  plate  they  are  spread  to  entire  depth  of  channel.  Bith  an 
increase  in  the  values  y,  these  distur tance/perturbations  near 
aotionless  plate  decrease,  and  beginning  with  certain  value  of 
frequency  they  disappear  entirely.  Near  aotionless  plate  is  forned  a 
dead  region,  which  is  expanded  with  further  increase  y to  the  side  of 
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the  positive  values  y.  The  range  of  flow  disturbance  in  this  case 
ever  more  and  more  is  concentrated  near  the  oscillating  plate,  since 
the  zone  of  the  gradients  of  velocity  *>"/•>>■.  determining  a quantity  of 
isolatable  in  heat  flow,  with  an  increase  in  the  paraieter  r is 
reduced,  approaching  the  oscillating  plate,  the  range  of  change  in 
the  temperature  also  it  is  reduced,  approaching  a perturbation 
source.  In  the  region  where  the  gradient  of  velocity  du/av  is  equal  to 
zero  or  close  to  it,  is  establish/installed  constant  temperature. 

Let  us  calculate  a quantity  of  heat,  transferred  through  the 
unit  of  the  length  of  plate  1 and  determined  by  the  formula 


where  index  1 means  that  parameter  value  corresponds  to  plate  1. 


Page  89. 


Differentiating  formula 
will  obtain  for  a quantity  of 

tks  expression 

*TMu  sh  2 ( ( sin  'J  i a 
4 rg/fl  sli*  j ( *m*  k ' h 


(19)  on  y and  set/assuning  y 
isolatable  through  the  upper 


| 

L <ty  Ji 


CO*  <!>/ 


k_ 

h 


— — — sin  2 

Uy  i 


= 1 
Pi 

(->«) 


, we 

ate  heat 


where 
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f 


• I I 3 ((<-)  4 i ,)  *h  m co*  hi  — (C|  — r,)  ch  hi  »ln  »i  | * 

l«o  (I  b .i)  «h  2 j cos  2 i (I  A -f  <i)rh  2 f sin  2 f 

' 24  >gl  (sh’  y * hIu*  -j)3 

- T I 2((i|  * rt)ili  m sin  hi  (<i  • <•,)  slim  co*  m| 

I"*  (l  - A — ii) ch  2 ; tin  2 i ( (I  - A ( n) sh  2 j co*  2 ) 

ifigf  4 tin*  t>’ 


Heat  flux  through  the  upper  plate,  as  it  follows  fron  (24) , 
consists  of  the  steady  and  unsteady  parts,  in  this  case  when  cos2  «t 
or  sin  2 w t are  aqual  to  zero  or  will  huable  identical  values,  the 
values  of  heat  fluxes  coincide. 


rfQO) 

tty 


,ly 


At  the  low  values  of  the  parameter  y,  expression  (24)  takes  the 


fora 


llm  f, 

T-° 


Au> 

2 i alb 


cos  2 ■•■f. 


(24.) 


whence  it  follows  that  the  steady  part  of  the  heat  flux  is  equal  to 
half  of  the  heat,  which  is  isolated  through  the  dr iving/aoving 
surface  in  the  flow  of  Couette.  A change  in  the  isolatable  quantity 
of  heat  as  the  teaperature  in  flow,  in  tine  occurs  with  the  double 
frequency  of  the  oscillations  of  plate  1.  For  w = 0 we  have  a case  of 
the  steady  notion  of  upper  plate,  the  value  of  heat  flux  is  here 

constant  and  equal  to  ^ , as  In  the  flow  of  Couette. 

fgf ' 
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For  the  high  values  of  paraaeter  y,  heat  flux  through  upper 
boundary  is  deterained  as  follows: 

"V'  “ Trgli  + TT&f  l(2  - V J)  COt  2 ' “ ,2  + * 2 > 2 I <>"* 

Froa  expression  (24b)  it  is  not  difficult  to  see  that  in  this 
case,  as  with  saall  y,  the  steady-state  part  of  the  heat  flux 
coaprises  the  half  of  the  heat,  isolated  in  Couette's  flow.  The 
isolation/liberation  of  the  unsteady  part  of  theraal  energy  occurs 
periodically  with  frequency  2«. 

The  characteristic  feature  of  heat  release  at  high  frequencies 
is  the  linear  dependence  of  a quantity  of  heat,  transferred  through 
the  upper  plate,  on  the  paraaeter  y. 

After  giving  expressions  (24b)  to  the  fora 

tA"n 

ft.  ar  rr‘~2~Zf  I*  + co*  (2  '•>  + «)|. 

•here  « — »rn(j <3+ » 2 ).  • index  ,n>*  it  aeans  that  the  value  of  heat 

flax  corresponds  to  ualiaited  increase  of  the  paraaeter  y,  let  us 
note  that  the  heat  release  through  the  upper  plate  in  this  case 
occurs  with  constint  phase  displaceaent,  caused  by  interaction  of 


DOC  =*  78067d0h 


PAOE 


inertial  forces  and  forces  of  internal  friction  within  flow. 


r /„ 

Pig.  1-4,  depicts  the  curves  of  relative  temperature  4 tiy) 
for  the  different  values  of  the  parameter  7 and  of  the  relative 
time  t 1 r\  w«era  T*  - oscillatory  period.  Calculations  were 
conducted  on  coaputprs  on  formula  (Id).  Fig.  1,  gives  the  curves  of 
relative  t eeperat  j re  over  the  section  of  f.low  for  the  torj ue/momen ts 
of  tiee  t * 0;  0.S;  1.0.  At  the  low  values  cf  the  parameter  7 ^ 0.  S, 
these  curves  have  parabolic  character,  with  an  increase  in  the 
parameter  7,  relative  temperature  near  moticnless  plate  decreases, 
approachinq  one.  With  7 > 2 with  an  increas*  in  the  frequency,  the 
zone  of  the  relative  temperature,  equal  to  unity,  is  spread  to  the 
side  of  the  oscillating  plate,  reaching  when  7 = 10  ordinates  y = 
0.7.  With  an  increase  in  the  parameter  7 th«r<e  occurs  considerable 
increase  in  the  gradients  of  t emperature  near  the  oscillating 

pi  at  e. 


Page  d0. 


Through  the  fourth  of  the  period  (see  Fig.  2)  is  observed 
somewhat  different  picture  of  a change  in  tne  temperature  in  flow 
depending  on  the  parameter  7.  When  7 N<  0.  2 temperatures  is  constant 
over  entire  section  of  flow  and  is  equal  to  T0.  With  an  increase  in 
the  frequency  (7  > 0.2)  in  all  points  of  flew,  occurs  simultaneously 


— ■ 
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the  continuous  increase  of  temperature.  Near  motionless  plate 
relative  temperature  reaches  unity  with  y = 2 ana  it  is  retained 
constant  independent  of  further  increase  in  the  parameter  y.  The 
increase  of  the  pirameter  y > 2 leads  to  the  expansion  of  the  zone  of 
the  constant,  equal  to  unity  value  of  the  relative  temperature  to  the 
side  of  perturbation  source. 


At  the  moment  of  time  t = 1/3  (see  Fig.  3)  with  y ^ 0.5  occurs 
initially  the  decrease  of  the  temperature  in  all  section  of  flow  with 
an  increase  in  the  frequency,  and  then  when  y > 0.5  temperatures  in 
flow  it  is  raised,  when  y > 2 character  of  a change  in  the 
temperature  depending  on  frequency  remains  the  same  as  for  previously 
examined  moments  of  tine. 


With  t = 0.6  (see  Fig.  4)  and  the  low  values  of  the  parameter  y 
it  occurs  the  increase  of  temperature  in  all  flow  with  an  increase  in 
the  frequency,  and  then,  beginning  with  certain  value  of  the 
parameter  y,  the  decrease  of  temperature  near  motionless  wall  to  a 
constant  value. 


i 
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Given  the  distribution  curves  of  the  temperature  in  flow 
visually  confirm  the  analysis  of  formula  (19),  presented  above. 

Let  us  examine  a question  concerning  the  applicability  of 
approximation  formulas  (21)  and  (22).  In  Fig.  1-4  to  curves,  are 
plotted  the  values  of  relative  temperature,  calculated  according  to 

formula  (21, # sufficiently  well  coinciding  with  precise  values  for  r 

4 0.1 . 
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To  these  figures  are  plotted/applied  also  the  values  of  the 
relative  temperature,  calculated  according  to  foraula  (22).  Results 
show  that  the  values  of  temperatures,  obtained  on  precise  (19)  and 
that  approximated  (22)  to  formulas,  beginning  with  y = 4 and  above, 
are  virtually  identical. 

Thus,  formula  (21)  it  is  possible  to  use  with  y I,  and  by 

foraula  (22)  - with  y 4.  aithin  limits  of  0.  1 £ y $ 4 

calculations  one  should  carry  out  through  formula  (19). 


The  distribution  curves  of  temperature  over  the  section  of  flow, 
given  to  Fig.  1-4,  give  the  sufficiently  demonstrative  representation 
of  derivatives  ar/dy.  and  consequently,  of  heat  fluxes  within  the 
oscillating  liquid.  Expressions  (24a)  and  (24b)  give  the  complete 
representation  of  a quantity  of  heat,  transferred  through  oscillating 
plate.  Therefore  are  given  the  curves  of  the  dependences  of  heat 
fluxes  on  time  and  the  parameter  y there  is  no  need. 

In  conclusion  let  us  note  that,  having  expressions  (8),  (15)  and 

(16),  it  is  not  difficult  to  obtain  solutions  for  other  boundary 
condi tions. 
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One  Method  of  calculation  of  flow  in  circular  bearing 

E.  N.  Sarnin. 

Are  estimated  the  characteristics  of  one  iterative  method  of  the 
solution  of  Naviac-Stokes  equations  for  the  case  of  circular  bearing 
when  is  small  the  clearance  between  the  rotating  and  motionless 
surfaces.  It  is  shown,  that  with  the  decrease  of  clearance  increase 
the  allowed  values  of  Reynolds  numbers,  which  ensure  the  convergence 
of  iterations.  Is  given  evaluation  of  the  deviation  of  approximate 
solution  from  precise  and  are  given  the  results  of  numerical 
calcu lat ions. 

Iterative  method  of  the  solution  of  the  problem  of  the  motion  of 
the  liquid  between  two  noncoaxial  cylinders,  instituted  on  the 
introduction  of  the  low  parameter  under  boundary  conditions,  examined 
in  works  [ 1]  and  *2].  Work  [2]  shows,  which  in  space  where  / 

- whole,  is  equal  or  it  is  more  than  three,  this  method  converges 
during  sufficiently  small  Re  number  and  certain  restriction  placed  on 
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the  value  of  the  iterative  parameter. 

The  case  of  bearing,  which  is  an  exaaple  of  the 
applicat ion/append ix  of  the  task  in  question,  is  characteristic  by 
the  smallness  of  the  clearance  between  aoticnless  and  rotating 
surfaces.  Using  this  special  feature/peculiarity,  we  define 
concretely  the  limitations,  superimposed  on  the  paraneters  of  the 
calculation  (see  [2])  and  Re  number,  and  let  us  also  estiaate  the 
deviation  of  approximate  solution,  in  particular  the  solution  of  the 
siaplified  equation,  in  which  are  reject/thrown  convective  aeabers, 
froa  the  solution  of  coaplete  Navier-Stokes  equation. 

The  content  of  task  is  clarified  by  Pig.  1.  Is  investigated  the 
flow  between  the  circular  aotionless  pin/journal,  with  center  O and 
the  radius,  equal  to  unity,  and  by  the  rotating  pin  by  radius  r < 1 
with  center  O'.  Distance  00'  = e satisfies  inequality  e < 1 - r <<  1. 

The  rotational  speed  - the  unknown  conataat  V0  provides  the 
assigned/prescribed  expenditure/consuaption  n„ 

Page  9 3. 


With  the  aid  of  transformation 
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(I  I (•-)  -(  . ) ;^>ns', 


where  € = 0.5  , 1 (#  + 1 # r } - « J , and  the  introduction  to 

function  of  current  ♦ task  is  reduced  to  the  solution  of  the 


equation 


, r,./.»/c,am  <,,1  t ,n\ 

4//‘  " p \ <><■  «»»  W *p  ! 


with  the  boundary  conditions 


. ».  '■  - >• 


Are  here  accepted  the  designations: 


Ht  ' (fr  1 )/  (s»  + t)  ; 


IV  - cir difference  with  a radius 


i - e.  ■ 


the  fora  of  the 


serf  a ce  of  pin;  r,  unit  circle,  the  surface  of  pin/journal;  Re 
— . where  n kinematic  viscosity  coefficient. 


The  e xaaine/considered  by  us  iterative  sethod  represents  by 


itself  the  consecutive  solution  of  two  boundary-value  problems.  In 
the  first  is  solved  the  equation 
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Re  W i ,,ui-i  ^l-l\ 

1 “ y \ dp  3p 

under  the  boundary  conditions 


dV,  . 

S,  +“|- 

0* 

, 1 

01 

Si  - l'o  i 1 ) 

-1  Vi  IV 

i*dU, 

J ST  <"  0 

rp 

The  second  - boundar y- value  problem  of  the  Dirichlets: 

~ H\  U(.  H'j  |f  - I.  <r,|ri  -0. 

Index  i indicates  the  number  of  iteration. 


Woric  [2]  shows,  that  with 


- 2 


H K,  I, 


v 1 < i' 


(3) 


(operator  K 


is  introduced  there)  and 


Re  < —= — — 

!l  I'..  II  . . i 


,i  + 


J 1 5) 


at 


where  c - certain  constant,  To-  the  solution  of  initial  problem, 
which  corresponds  Re  = 0 (see  [1]),  iterations  converge,  and  is  shown 
the  speed  of  convergence. 
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Fig.  t. 


Page  94. 

CONDITIONS  OF  THE  CONVERGENCE  OF  NOHERICAL  METHOD  FOR  THE  CASE  OF 
BEARING. 


In  work  [3]  it  was  shown,  that  during  the  solution  of  problem 
for  simply  connected  region  the  iterative  parameter  at  was  inversely 
proportional  to  the  linear  dimension  of  range.  In  our  case  values  a 
and  Re  numbers,  affect  two  factors:  a difference  in  the  radii  of 
cylinders  and  the  distance  between  their  centers.  Let  us 
establish/install  the  character  of  this  effect. 

The  consequence  of  a small  size/dimension  of  the  clearance 


"J!  ■■ 


'y~~7 
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between  cylinders  is  the  smallness  of  the  interval  of  the  variation 
in  the  coordinate  p,  since 

1 — = *<  1 — r. 

On  the  other  hand,  by  expansion/decoaposition  in  a series  in  terms  of 
h we  are  convinced  that 


I — r h f O(h-) 

1 

I — /W  1 1 -f  O (A)|, 

where  ff  is  the  ratio  of  the  greatest  distance  between  cylinders  to 
the  smallest: 

M - . 

I — r — t 

therefore  to  us  are  sufficient  to  give  estimations  the  which  interest 
us  values  through  n and  h. 

Let  us  estimate  a.  The  expansion  of  the  coefficients  of 
equations  (9b)  and  (9c)  from  work  [2]  according  to  degrees  of  h,  it 
gives  the  right  to  confirm  that  with  any  fixed/recorded  k > 0 and 
when  h -o  the  aaximum  fora  of  these  equations  does  not  depend  on 

,,  2 K‘ 

kk  - T A**  + 


k: 


p 
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Hence  it  follows  that  h 2,  For  k = 0 value  \,-.*/2, 


therefore  for  the  nore  of  operator  K,  with  seall  h we  have 


K,  i 


T + O (*»)■ 


Consequently,  lowtr  boundary  in  inequality  (3)  takes  the  form 

— 4Hh\l‘ '•)««„  *,  + O(l)<«<0 


Let  us  turn  now  to  the  estiaate  of  the  magnitude  of  Re  nuaber. 
During  numerical  calculations  it  was  noticed  that  allowed  values  Re, 
for  which  the  aetiod  converges,  increase  with  decrease  of  1 - r.  To 
explain  this  phenoaenon  helps  the  introduction  of  new  coordinate  p : p 
= hp.  After  this  transform  in  equation  (2)  appears  new  Reynolds 
nuaber:  Re  = Re  h,  and  all  the  significant  dimensions  of  range  S and 
the  entering  the  equation  terns  become  the  values,  comparable  with 
unity.  To  this  equation  it  is  possible  to  use  the  results  of  works 
[2],  from  which  it  follows  that 

Re  hM  >, 
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i.e.  the  allowed  values  of  Re  number  increase  inversely  proportional 
to  product  nh. 


DEVIATION  OF  APPROXIMATE  SOLUTION  FROM  PRECISE. 
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Let  us  estimate  the  deflation  of  any  approximate  solution  from 
the  solution  of  complete  equation  (2)  when  h is  sufficiently  snail. 
Let  us  make  this  based  on  the  example  of  the  solution  of  the  equation 

of  Stokes. 


Paqe  9*5. 


Is  decomposed  solution  (2)  in  a series  according  to  degrees  of  Re: 


<4  = V >4,  Re' 

r. u 


(i) 


The  zero  term  of  this  series  corresponds  to  the  solution  of 
linear  equation  with  Re  = 0,  and  those  follow  satisfy  the  equation 


, I ’!/) 

i//'.  4,1  />(%?) 

*4i -/-I 


(5) 


and  the  boundary  conditions 


Vt  - 


«W'/ 


h-^I  .y„  o. 
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(6) 


For  the  determination  of  the  radius  of  convergence  of  series  (4) 
let  us  present  each  term  V/  in  the  form  of  sum 

-*7  + <■//«• 


(7) 


where  v,  - the  solution  of  the  task 


j«75  = />  >17 


rf>if 


/ I r dn  ( r 
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*)  ~ ri^ht  side  of  aquation  (5),  and  >\  satisfies  the  conditions 


AO-'ax,  = o.  ,,  |r-j5,|i  -o. 


WZ  ' /n'  I ■■  COMl, 
,'n  r> 


til  — I . 


/i  has  the  form 


I 1(2  In  4 I (>?,)•  -(2  Po,n%  t I -$|lnp  ( I - h')  In  Mf,’  1) 

/i  1 -t  1 '' 


/ 2 In  p,,  -t  I ~p  n .. 

* " ^ ;i  1 P,1  In  f>"  - I + Po ) 


Let  us  estimate  function  f„  after  writing  it  as  >1,  h For  «, 
we  have 


<>14. 


Oiu,  n r„  u,  «o 


Therefore  for  any  right  side 

>t,Ni  >«  li *7 

" iU'l  /,.M  < '.Vi  f/„ 

wherp  X^  - smallest  of  the  eigenvalues  of  operator  A*  above  the 
functions,  which  turn  on  boundary  into  zero  together  with  its  normal 
der ivat ives. 


The  investigation  of  the  latter  shows  that  when  h . n values  X 


DOC  = 73067907 


PAGE  7 


increase  not  slower  than  */h,  i.e.,  A £ w/h  ♦ 0 ( 1)  . Therefore  for  a 
bearing  from  Green's  formula,  easily  it  is  obtained 


IvSj 

h' 

L,  ■ r,  "Ji 

0„, 
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r V 
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P 
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Constant  r, 

in  equality 

(7) 

is  determined 

through  v 

therefore  it  can 

be  expressed 

through  F,-. 

f 

1 

jj  7o  f'  i ds 
l\  V 

J On  1,1 

x» 
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Function  is  the  solution  of  the  task 

| f >/„  1 C OH . JiS^„ 

A//,  - a*.  - 0.  <0  ; r “rin  r“0'  x«l  r,  “ C0,lW>  J — dn  I 

r, 

and  is  taken  on  boundary  great  absolute  value.  Therefore 

I \<  I 2 *M  fl  F,  |,  L (9) 


Decompose/expanding  coefficients  x.  according  to  degrees  of  h 
and  comparing  (7),  (8)  and  (9),  we  ccme  to  the  conclusion  that  with 
small  h 
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t 6-/  + 0(A*). 
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Using  these  estimations,  let  us  find  the  radius  of  convergence 
of  series  (4).  if  we  require  so  that  each  of  yy  it  would  satisfy  the 
inequality 


I j 1 ij 

; i_  dvj  ij 

1 1 p <*?  ■ 

1 *-« 

1 p ^p  l! 

h, 

Ln 

rsr-^"-  — — li"]<crhr 


and  to  conduct  the  reasonings,  analogous  to  the  proof  of  inequality 
(11)  from  work  [4],  we  will  obtain  the  results:  series  (4)  it 
converges  with 


where 


A max  , - -3— 


I OH  2 

I h,  . ^ i 

\L  P ^ , 


d//-a4«-J 


K = max  j-g-  + — 


Af  A1 

6 jt  * a3 


M '*  | 3 

+ \ Tj 


Since  the  terms  of  a series,  beginning  with  the  first,  do  not  exceed 
the  terras  of  geometric  progression  with  denominator  q = 4 AK  Re  h, 
the  under  condition  (10)  deviation  of  stokes  solution  v0  from 


Jj 


ISIg  -a 
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precise  satisfies  the  inequality 


jR.-Mimii 

ii i'  nil  4 v . . ....  T’14' 

W J(i|  I i \Kh  K«' 


Similarly,  after  presenting  an  error  in  any  approximate  solution 
»l  in  the  form  of  the  "tail*  of  a series  of  type  (4),  it  is  possible 
to  evaluate  this  error  through  the  discrepancy  of  oguation  (2): 


where 


1 **  1,11  r:!  ,m  i K»-  I, 


He  /»(//,; 'H<\.  4 ) 
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|||  I .19  I ,IV  j II  | OH  -Ml  I 111  in  ;a<l  I 
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Calculation  of  forces,  which  act  on  bearing. 


Let  us  turn  to  the  determination  of  the  forces  and 
torgue/noment , with  which  the  lubricant  fill  acts  on  pin.  If  into 
those  interesting  us  stress-tensor  component  from  work  [51  to 
substitute  the  expression  of  the  components  of  velocity  from  (11,  to 
consider  boundary  conditions  and  the  equations  of  continuity,  then  we 


will  obtain 


/•„  --m(u43 


whore  p - thp  hydrodynamic  pressure  on  the  surface  of  pin,  determined 


r 
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according  to  equation  for  an  angular 

'■"•J 

and  0 - an  eddy/vortex,  t?  * H~* &v. 


velocity  from  ( 1 ] by  the  formula 
(I2» 


The  knowledge  of  solution  makes  it  possible  for  us  to  obtain  the 
components  resultant  force 

( Pw  c0*  (P-  /’^coMf.  -v>)  d/. 

t»  - 1 (PPf  (p.  y)  i rff  co*(f.  y))rf/ 


Formulas  (1) 
integrands: 


and  (11)  make  it  possible  to  calculate  the 


Is  here  taken  into  account  the  fact  that 

j « 


fir- 

.1  (i-  + 


Po  ) ro*  f ~ 3 

T9*  / n — t r»d*-° 


r tin  frfy 

j (iV  + ^ -*r  ro*»  )*  / (-f+»8-*  r co** ) 


”Fhe  torque/moment  of  tangents  to  the  rotating  surface  forces 


relative  to  center  of  rotation  is  calculated  analogously: 


r 


^ wmw 
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Po 


— 

2 x cos  * 


2« 


- 2(*rV,„  — url|  - pj'j  | 


t)</? 


(M) 


0J  1*"  I 1'->-2  5 CH5T 


ANALYSIS  OF  RESULTS. 


Let  us  describe  now  compu tational  experiment  and  the  results  of 
calculations.  The  circuit  of  the  construction  of  iterations  is  shown 
in  works  [1]  and  [2],  and  successive  approximations  themselves  were 
calculated  by  finite-difference  method,  i.e.,  derivatives  were 
replaced  by  central  differences  and  result  was  obtained  in  mesh 
points  (p o ♦ h/L  k,  2vi/N) . The  approximation  of  boundary  conditions 
is  qiven  in  [2].  Integrals  from  duct/contour  (12),  (13)  and  (14)  were 

calculated  from  Simpson's  method. 

Page  98. 


Table  gives  the  results  of  difference  calculation.  For  checking 
its  accuracy/precision,  difference  solution  was  compared  with 
analytical  for  case  of  r = 0.9,  e = 0.05,  Re  = 0.  On  the  grid,  which 
contains  20  x #P  20  points,  the  difference  between  solutions  did  not 
exceed  O.OIo/o.  Apparently,  this  accuracy/precision  for  engineering 
calculations  is  surplus;  however,  in  table  we  give  in  certain  cases 
five  significant  digits  in  order  to  more  visually  trace  the  effect  of 


t 
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Re  number  on  final  results. 

Results  in  ttie  table  are  groupped  in  the  following  order:  for 
the  set  of  the  parameters  r = {r.  «\  Re)  are  given  value  iV'i'o.  /•',/(*' »'0.  /•' ,/(*** 
and  but  at  the  end  of  the  rcw,  is  made  observation 

relative  to  the  presence  recurrent  flow  ("  there  are")  or  its 
absences  ("  no").  Then  in  r is  changed  the  last/latter  component  Re 
until  its  further  increase  Bakes  it  possible  for  100  iterations  to 
establish/install  five  significant  digits  of  result.  After  this 
changes  distance  between  centers  e and  is  given  the  new  group  of 
result's,  etc.  Sons  data  were  ositted  from  the  considerat ions  of  the 
savings  of  place. 

Let  us  observe  the  effect  of  Re  number  on  results.  It  is  noted 
[6]  that  with  Re  = 0 total  force  component  which  act  on  the  rotating 
surface  of  bearing,  to  the  perpendicular  of  centers  of  circle.  In  our 
case  this  is  expressed  by  equality  A',-o  with  Re  * 0.  With  Re  ^ 0 
in  equation,  appear  the  convective  terms,  which  contribute  asymmetry 
v.tecenie,  and  appears  that  comprise  />  which  increases  with 
increase  in  Re.  However,  it  does  not  comprise  considerable  portion  in 
comparison  with  on  all  range  of  Re  numbers,  which  ensure  the 

convergence  of  iterations.  The  results  of  calculations  show  also  that 
Re  number  does  not  virtually  change  the  velocity,  which  realizes 
single  fluid  flow  rate  between  the  surfaces  of  bearing,  i. e. , 


with 
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0.6 

0,25 

1 3 

10,482 

0,3819  - 10-' 

0,1354- UP 
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• 

Key:  (1).  Recurrent  flow.  (2).  No.  (3).  There  is. 
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For  explaining  this  phenomenon,  let  us  note  that  the  parity  in  ♦ 
of  the  tprms  of  saries  (4)  coincides  with  the  parity  of  their 
reference  numbers,  and  the  variable  part  of  hydrodynamic  pressure 
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(12)  has  opposite  parity.  From  (13)  it  follows  that  the  odd  tens  of 
series  (4)  affect  that  comprise  f-\  and  exert  no  effect  on  H and  />. 

Proa  the  fornula  of  Green  and  from  (6)  it  is  easy  to  obtain  the 

equality 

Jj'(SA«r*dvfi+l-rl,4tA^»A'rP)rft-.-J(V.i/p  I'f,+1  //-'A r„)rf/. 

The  first  three  integrals  in  this  equality  are  equal  to  zero 
according  to  observation  about  parity.  Consequently,  r,,4l~n. 

Thus,  in  first  (relative  to  Fe)  appr oach/approx imat ion  of  value 
of  V,  B and  /■',  they  are  not  changed,  their  disturbance/perturbations 
have  second  orders  of  smallness  0(Re*h*).  This  sane  it  is  explained 
(calculations  this  confirm)  the  fact  that  f\  increases  directly 
proportional  to  Re  noabar,  i.e. 

f'v  -t{r.  r)  Ro  ( I 4 0(Re’A»)|. 

where  c(r,  e)  - the  constant,  which  depends  on  the  geometry  of  range 
and  which  does  not  depend  on  Re  number. 

Work  [ 1 ] gives  an  example  of  the  appearance  of  a zona  of 
recurrent  flow  in  the  diffuser  part  of  the  bearing,  about  aotionless 
wall,  near  the  outermost  free  pin  point.  As  can  be  seen  from  table, 
the  emergence  of  recurrent  flow  does  not  depend  on  Re  number.  With 
small  h it  appears  in  the  case  when  which  will  agree  well 
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with  the  conclusions  of  the  works  [6], 

In  Fig.  2 foe  case  of  r = 0.9,  e = 0.05,  Be  » 25,  are  plotted  to 
the  line  of  level  m and  the  coapcnents  A',  and  A'».  that  balance  the 
directed  down  load  on  pin  - F. 

At  the  end  of  table,  gives  the  results  of  calculation  for  the 
case  when  a diffacence  in  the  radii  is  equal  to  0.4.  Froa  them  it  is 
evident  that  all  observations  relative  to  the  effect  of  Re  nuaber  on 
values  V 0,  A'r.  A,  and  H and  relative  to  the  presence  of  the  zone  of 
recurrent  flow  art  valid  and  in  this  case,  although  the  clearance 
between  the  surfaces  of  cylinders  sufficiently  great. 


2.  E.  N.  Sarain.  Method  of  the  splitting/fission  of  boundary 


conditions  for  a task  of  the  motion  of  the  liquid  between  two 
noncoaxial  cylinders,  "scientific  notes  of  IsAGI",  Vol.  Ill,  No  5, 
1972. 
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9.  B.  V.  Pal'tsev.  On  the  convergence  of  the  method  of 
successive  approximations  with  the  splitt i ng/f ission  of  boundary 
conditions  during  the  solution  of  boundar y- value  problem  for 
Navier-Stokes  equation.  "i.  of  comp.  math,  and  mat.  physics",  Vol. 
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Page  105. 

EX  PER  I RENT  AL  INVESTIGATION  CF  THE  EFFECT  OF  RE  N0.1BER  ON  THE  NATURE 
OF  FLOW  AROUND  AXIALLY  SYMMETRICAL  BODIES  INDENTED  IN  NOSE  SECTION. 

V.  I.  Shustov. 

Is  investigated  the  effect  of  Re  numbers,  N and  of  the  fora  of 
leading  ed qe  on  the  character  of  the  flew  atound  axially  symmetrical 
body  with  spherical  indentation  in  nose  section.  Experiments  are 
carried  out  with  Mach  numbers  6 and  5 in  the  range  of  Re  numbers 
approximatel  y ( 0.  3 35- 0.  6)  • 1 0* . The  character  of  the  flow  around  the 
nose  section  of  tup  model  was  determined  frem  the  direct-shadow 
images,  obtained  at  different  moment  of  tine.  It  is  shown,  that  the 
instability  of  the  flow  around  bodies  with  indentations  in  nose 
section  depends  on  Re  number  and  the  geometric  special 
feature/peculiar  it ies  of  the  leading  edge  of  model.  The  maximum 
lepart  ure/withdrawal  of  the  shock  wave  before  the  axially  symmetrical 
body  throated  three  tines  a pproxi m at  el y exceeds  the 
depar t ure/wit hdraw a 1 of  shock  wave  from  the  circular  eni/face, 
streamlined  with  flow  with  the  same  Mach  number. 
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1.  Flow  in  shock  layer  about  dull  bodies  in  super  and  hypersonic 
flow  in  Majority  of  cases  stable  and  does  net  lead  to  cnange  in 
forces,  which  act  on  body  during  steady  flight.  However,  there  are 
foras  of  the  bodies  for  which  stable  flew  not  always  can  be  realized. 
So,  in  work  [1]  were  examined  dull  bodies  with  indentations  in  the 
nose  section  about  which  the  flow  at  the  hypersonic  speeds  of  the 
flow  of  gas  was  unstable.  According  to  these  investigations  the  flow 
instability,  apparently,  is  caused  by  the  f cnation/ed  ucat  ion  of 
eddy/vortices  within  indentation.  The  developing  within  indentation 
eddy/vortices  at  the  specific  stage  are  discarded  from  it.  The 
various  forms  of  indentations  to  dissimilar  degree  contribute  to  the 
foraation/education  of  eddy/vortices.  In  work  [2]  was  undertaken  the 
attempt  to  explain  the  character  of  the  instability  of  the  flow 
around  concave  cavities  without  duct  on  the  basis  of  the  numerical 
solutions  of  axisyametric  inviscid  flow.  However,  the  examination  of 
inviscid  flows,  apparently,  cannot  give  the  complete  explanation  to 
flow  Instability  near  bodies  with  Indentations.  This  Is  conflrned 
by  the  fact  that  alonp;  with  flow  Instability  about  bodies  with 
indenatations  In  nose  section  it  was  observed  and  the  stable  (or 
sufficiently  close  to  stable)  flow  around  then  of  the  sunersonlc 
flow  of  nas. 


That  nresented  Indicates  the  need  for  parameter  determination  of 
the  supersonic  flow  and  the  fundamental  geometric  characteristics  of 
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body,  which  cause  the  realization  of  unstable  flow  about  the  bodies, 
notched.  The  indentations  of  different  form  can  appear  in  connection 
with  the  combustion  loss  of  body  with  the  passage  of  the  dense  layers 
of  the  atmosphere,  and  they  are  sometimes  the  design  features  of 
body.  This  work  is  dedicated  to  the  study  of  the  effect  of  Mach 
numbers  and  Re  an!  of  the  geometric  parameters  of  the  leading  edge  of 
body  on  the  character  of  flew  cf  the  supersonic  flow  about  the 
axially  symmetrical  body  throated  in  nose  section. 

2.  Investigated  model  represented  by  itself  body  of  revolution 
of  ogival  form  with  spherical  indentation  in  nose  section.  The  flow 
around  model  was  studied  with  three  versions  of  the  edge  of  the  nose 
section:  acute/sharp,  circular  and  by  Fine- 
Page 106. 

During  a change  in  the  form  of  edge,  the  depth  of  indentation  a 
little  changed.  The  geometric  dimensions  of  model  are  given  to  Fig. 

1.  Model  was  installed  in  wind-tunnel  test  section  on  tailed  bracket. 
During  experiments  was  record/fixed  the  shadow  flow  pattern  of  model. 
The  time  of  exhibition  was  approximately  6 ^s.  The  photographing  of 
flow  pattern  was  conducted  after  the  establishment  of  flow  conditions 
in  wind  tunnel.  (Dark  spots  in  the  given  photographs  are  caused  by 
some  heterogeneities  of  the  surface  of  glass  of  the  window  of  the 
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test  section  of  the  duct.). 


I n ve  s t.  i g a t ions  are  carried  out  with  Mach  numbers  s:  5 and  6 in 
the  range  of  Re  numbers  approximately  (0.  0 3 b-0. 6) • 1 0 *.  During  the 
calculation  of  Re  number  the  characteristic  linear  dimension,  is 
undertaken  the  diameter  of  nose  section  (d  = 0.016  m)  . Re  number 

was  varied  by  changing  the  total  pressure  in  settling  chamber  of  wind 
t u n ne  1 . 


1.  Results  of  experimental  studies  of  flow  by  supersonic  flow  of 
axially  symmetrical  bodies  with  indentations  in  nose  section  are 

represented  in  the  form  of  shadowgraphs  with  different  Ka  numbers. 

Flp, . 2,  p,lves  the  flow  patterns  of  model  with  flat/plane  odr.e  at 

'1  >6  and  none  values  of  rP>  Visual  observations  during  experiments  and 

the  photo^ranhs  obtained  showed  that  fluctuations  In  the  nrlmarv  shock 

6 

wave  occurred  with  numbers  Re  > 0.12  - 10  . The  maximum  value  of 

the  departure/withdrawal  of  shock  wave  2.4  times  approximately 

exceeded  the  obtained  by  calculation  [3]  value  of  the 

depart  ure/wit  hdrav  a 1 of  shock  wave  for  a circular  end/face  during 

the  steady  flow  of  it  of  flow  with  Mach  number  = 6.  With  Re  number  %. 
O.SR-IO*,  the  maximum  value  of  the  depart urc/w  ithdrawa 1 of  shock  wave 
decreased  and  it  was  close  to  With  Re  numbers  0.  12»10*  of  the 

oscillation  of  tha  shock  wave  before  the  model  with  spherical 
indentation  and  flat/plane  leading  edge  they  were  not  observed. 


V 
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In  the  case  at  the  flow  around  model  with  round  loading  edge  on 
the  basis  of  visual  observations  and  the  shadowgra  ph  s,  it  is  possible 
to  conclude  that  with  He  number  - 0.C7*10*  the  flow  around  model  is 
close  to  stationary.  In  this  case,  was  observed  the  weak ly - not icea ble 
oscillation  of  stock  wave.  The  value  of  the  departure/withdrawal  of 
shock  wave  was  the  in  effect  equal  to  the  value  of 

depart  ure/  withd  raval  ».,  before  the  circular  end/face.  An  increase  in 
Re  number  caused  the  noticeable  instability  of  shock  wave.  The 
maximum  value  of  its  departure/withdrawal  fcoe  the  nose  section  of 
the  model  increased  approximately  to  2-8  •»  Thi*  maximum 

depart ure/withdrawal  durinq  the  oscillations  of  shock  wave  occurred 
up  to  Re  number  z 0.58*10*-  Transition  to  Mach  number  = 5 (see  Pig. 

He.)  siqni f icant 1 y changed  the  character  of  the  flow  around  model 
with  spherical  indentation  and  round  edge.  The  frequency  of  shock 
wave  considerably  decreased,  decreased  the  value  of  its  maximum 
de par t ure/ withd raw  a 1 from  body.  In  this  case  durinq  the  asymmetric 
flow  around  the  model  (angle  of  attack  a ^ C)  of  the  oscillation  of 
shock  wave  in  the  time  interval  of  visual  observation  (-53  s)  they 
were  absent.  Piq.  3,  gives  the  photograph  of  the  picture  of  flow 
about  this  model  at  a = 10°.  For  determining  the  flow  pattern  about 
bodies  with  indentations  with  other  Mach  numbers  and  a / 3 are 
necessary  supplementary  experimental  investigations. 


Some  photographs  of  the  picture  of  flow  about  model  with 
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spherical  indentation  and  sharp  edge  are  represented  in  Pig.  4b  with 
N - 6.  In  this  case  the  oscillations  of  the  leading  shock  wave  were 
observed  in  all  investigated  range  of  Re  numbers.  The  maximum  value 
of  the  departure/withdrawal  of  shock  wave  was  the  sate  as  of  the 
models,  having  the  flat/plane  and  round  edges  of  nose  section.  With 
Re  number  ~ 0.58*10*,  the  maximum  value  of  the  departure/withdrawal 
of  shock  wave  decreased  alaost  to  value  «...  the  process  of 
oscillations  became  wea kly- rot iceable. 

Typical  configurations  of  shock  waves,  obtained  during  the  flow 
around  models  with  spherical  indentations  in  nose  section  at 
different  moment  of  time,  represented  in  Pig.  4.  In  this  case,  they 
occurred  as  the  asymmetric  (see  Pig.  4a),  so  also  alaost  symmetrical 
(see  Fig.  4b)  oscillations  of  shock  wave,  and  also  oscillation  with 
the  restoration/reduction  of  the  position  ot  shock  wave,  close  to 
steady  flow  circular  end/face  (see  Pig.  Vd  )- 

Pig.  5 gives  the  dependences  of  the  maximum  depar ture/w it hd i t w t 1 
of  shock  wave  (during  its  oscillation)  ■ from  Re  number  fn 

the  investigated  models.  Prom  these  dependences  it  is  evilent  th 
the  maximum  value  of  the  departure/withdrawal  of  shock  wave  from  body 
depends  on  Re  number  and  the  form  of  the  edge  of  nose  section,  on 
this  same  figure  is  compared  the  maximum  de  ^ ar  t ure/w  it  h 1 c»  wa  l of 
shock  wave  from  model  throated  during  unstalle  flow  with  the  value  ot 
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the  depart ure/wit i draws  1 of  shock  wave  *"  fto>  circular  end/face 
with  Hach  numbers  * 5 and  6,  obtained  in  work  [3]  with  calculation. 
Comparison  shows  that  the  departure/withdrawal  of  the  fluctuating 
shock  wave  is  considerably  more  than  departure/withdrawal  during 
steady  flow. 


[f  X?  ~ OJ?  tO  € 

M tie  - 0,?^  !Oe 
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Pig.  3. 


Page  108. 


Pig.  6 shows  ranges  with  the  greatest  and  snail  amplitudes  of 
the  oscillations  of  the  shock  wave  before  the  body  with  spherical 
indentation  durinj  a change  in  the  radius  of  curvature  of  leading 
edge.  The  given  curve/graph  has  qualitative  character,  since  it  is 
constructed  on  the  basis  of  data,  obtained  only  for  three  versions  of 
the  radius  of  curvature  of  edges,  and  boundaries  of  the  region 
according  to  Re  numbers  are  those  approximated. 


Investigations  showed  that  the  instability  of  the  flow  around 
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bodies  wit h indentations  in  nose  section  defends  on  Re  numbers,  N, 
and  also  on  the  for*  of  the  leading  edge  of  *odel.  The  *axi*u*  value 
of  the  departure/withdrawal  of  shock  wave  frc*  body  comprises 
approximately  3.3 
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Fig-  5. 

Key:  (1).  Calculation  for  a circular  end/face.  (2).  Experiment, 
sharp  edge.  (4).  round  edge.  (5).  flat/plane  edge. 

Fig.  6. 

Key:  (1).  With  small  amplitude.  (2).  With  maximum  amplitude.  (3) 
Flow,  close  to  stationary. 
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APPLICATION  OF  A METHOD  OF  INSTANTANEOUS  FREEZING  IN  FLOWS  WITH 
VIBRATIONAL  RELAXATION. 

V.  L.  Men’shikova,  0.  Yu.  Polyanskiy. 

Is  investigated  the  effect  of  the  basic  d imens ion  less  parameters 
on  relaxation  process  in  flows  with  the  excited  vibrational  degrees 
of  freedom.  It  is  shown,  that  only  during  certain  combination  of 
these  parameters  are  realized  the  flows  in  which  the  asymptotic 
values  of  vibrational  energy  will  considerably  differ  from  the  values 
of  vibrational  energy,  determined  by  the  method  of  i ns ta nt aneo us 
freezing.  Are  givan  examples  of  calculation. 

1.  In  gas  Dynamics  of  nonegui librium  flows  wide  acceptance 
obtained  method  of  instantaneous  freezing  [1,  2].  Both  theoretical 
and  experimental  investigations  as  a whole  they  confirmed  the 
sufficiently  high  accuracy/precisicn  of  this  method  in  appendix  to 
such  relaxation  processes  as  oscillations,  dissociation  and  chemical 
reactions  [2,  3].  However,  in  work  [4]  by  Blythe,  who  investigated 
the  process  of  vibrational  relaxation  in  nozzles  and  obtained 
asymptotic  expressions  for  the  level  of  the  frozen  energy,  the 
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conclusion  is  made  that  the  method  of  instantaneous  freezing  is  wrong 
in  the  case  of  small  energy  capacity  of  fluctuating  degrees,  when 
parameter  ' (<\  ~ vibrational  energy,  B - universal  gas  constant, 

T - temperature  of  forward/progressive  degrees  of  freedom).  This 

derivation  was  sufficient  not  expected,  since  it  contradicted  the 

accimlated  facta.  In  work  [5]  Blyth  and  Shih  having  abandoned  the 

supposition  that  whr  i,  and  specifying  the  temperature  dependence, 

relaxation  time 

((.t)  ' =- / ( / ) o up  I .4(7"  — 1)1.  .4  I. 

where  p - density,  f (T)  - certain  function  of  temperature,  A - 

constant,  they  showed  the  validity  of  the  method  of  inst an t* neous 
freezing  for  this  case.  Despite  the  fact  that  in  this  case  by  the 
authors  of  work  '5]  substantially  it  was  utilized  condition  A 1, 
they  its  conclusion  about  the  validity  of  the  method  of  instantaneous 
freezing  was  explained  first  of  all  by  failtre  of  the  assumption  that 
i.  However,  strict  substantiation  of  this  position  in  work  [5] 
is  not  contained,  and  a question  concerning  the  reasons  tor  the 
distur tance/hreakd own  of  the  validity  of  the  method  of  instantaneous 
freezing  remained  opened. 

In  the  set-forth  here  work  was  undertaken  an  attempt  at  the 
numerical  investigation  of  the  asymptotic  behavior  of  vibrational 
energy  in  the  case  of  a saall  energy  content  of  vibrational  degrees 
of  freedom  when  the  equations  of  gas  dynamics  and  the  equation  of 
kinetics  in  the  first  approximation,  were  net  connected. 


In  this  case,  werj  placed  two  tasks:  first,  to  investigate  the  effect 
of  different  dimensionless  parameters  on  the  pattern  of 
noneg uilib ri um  flows  in  nozzles,  and,  in  the  second  place,  to  explain 
that  were  possible  in  practice  the  conditions/modes  when  is  disrupted 
the  validity  of  the  method  of  instantaneous  freezing. 
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Equilibrium  value  of  oscillatory  energy  and  relaxation  time 

r are  assigned  in  the  form  (model  of  harmonic  oscillator) 


A*H 

»'K  , - " • 

exp  j I 
t p = flexp  (.4  T~'13). 


(4) 


(5) 


where  H - characteristic  temperature  of  oscillations,  B - constant. 
In  the  case  w“r  i in  the  equation  of  energy,  it  is  possible  to 
disregard  value  <v  and  in  the  first  approximation,  system  of 
equations  (2)  , (3)  decomposes  into  system  (2)  and  equation  (3)  , 
system  (2)  not  depending  on  equation  (3).  The  solution  of  system  (2) 
it  is  possible  to  consider  known:  this  usual  solution  for  the 
isentropic  quasi-unidimensional  flow  of  ideal  gas  with  constant 
specific  heat  ratio  *.  Thus,  during  the  solution  of  equation  (3)  of 
function  p,  T,  u,  <\ , let  us  consider  known. 

After  na3".4nff  to  d4 nem4  onless  variables 


r 

r ' 


Pn  ' 


11  _ / 

«-  -zr . F- 


p * 

* K '» 


.r 


r„  • " 

(<’kfO  - '’k  (|). 


H 

IT  ’ 


((.I 


let  us  write  equation  (3)  in  the  form 

th\  >p  - 

.-  ^ it-  /T-IW  , vi  (*'*  r **«) 

il  r ucxp|A(7  l)| 

Equation  (4)  in  this  case  will  take  the  form 


(7) 


, — 


tiP  I I 

w 

exp  I 


<*> 


Thus,  the  solution  of  equation  (7)  depends  not  only  on  *.  but 


1 


' l f 
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also  fcoi  three  ore  d i aension less  parameters  - h.  x,  K: 


P»r*l  IRT 


r«  ' " ’ K = Ar° 


Parameters  K and  H depend  on  the  theraod ynaaic  and  kinetic 
characteristics  of  gas  and  on  initial  data  (conditions  in 
precoabust ion  chamber),  the  parameter  X includes  also  the  geometric 
characteristics  of  nozzle. 


Page  112. 


Equation  (7)  with  boundary  condition  <-*^1  with  x = --  was 
solved  numerically.  The  parameters  X,  h and  K were  varied  in  the 
ranges 

0,01  < A 100(H).  i 

i 200.  (|0) 

0,015  < X < 200.  I 


In  all  cases  was  observed  the  freezing  of  vibrational  energy, 
i.e.,  activation,  by  which,  beginning  with  certain  section  of  nozzle, 
the  value  of  vibrational  energy  is  not  virtually  changed. 


In  the  methol  of  instantaneous  freezing  value  - the  frozen 

value  of  vibrational  energy  - usually  is  determined  on  the  basis  of 
the  condition  that  the  freezing  occurs  in  the  section  where  begins 
noticeable  deviation  froa  This  section  is  characterized  by 
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the  fact  that  tha  relaxation  tine  r in  it  is  equal  to  the 


characteristic  time  t (for  example,  see  [2]): 

i 

^ s.  r 

le*  / )(\  LJOtlj 


«><  - to  solution  of  equation  (11)  ]. 


(ii) 


For  value  in  *°rk  [4]  under  the  assumption  N > 1 

(/v^-H/r,)  was  obtained  the  formula 

6) 


- |2n/(/'  (l)!1'*  O (A/_l,s)|  ci|i 


N l G(;)di 
i 


(12) 


where 


^ F ( T) 

(■(;>*-  /(r,)  . 


T, 

T . F(T)- 


I , '((1/7) 
u(7)t(f)  ' rf.r 


1 r ' 


FOOTNOTE  1 . Work  (4)  used  another  condition  for  determining  value 
'«/•  However,  it  is  possible  to  show  that  the  criterion  of  Blyth  is 
identical  to  criterion  (11).  ENDFOCTNOTE. 

FOOTNOTE  *.  The  form  of  the  function  G(£)  in  work  [4]  it  is  not 
defined  concretely.  Was  only  made  assumption  about  that  which  in  the 
vicinity  of  point  of  freezing  G(€)  can  be  represented  in  the  form  of 

OC 

series  G(=)=i  t V«„(;  d”  and  with  * — > - G (?)  0.  ENDFOOTNOTE. 

n s I 
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On  the  basis  of  formula  (12)  in  work  [4]  the  conclusion  was 
that  with  N > 1 asymptotic  value  eKK  there  will  not  compulsorily 
of  the  same  order  as  as  value 


Calculations  showed  (see  Table  1-3  and  Pig.  1 and  2,  to  which 
are  given  some  results  of  calculat ions) that  really  at  sufficiently 
high  values  of  N it  is  possible  to  observe  the  noticeable  difference 
for  value  c = -^5-22-  fro*  unity,  but  only  under  condition  N/K  1 and 
is  sufficient  large  A (in  the  range  of  the  parameters  being 
investigated).  It  is  necessary  to  note  that  the  deviation  C from 
unity  noticeable  increases  with  increase  t and  X (see  tables), 

high  values  s-=»/T,  (sufficient  for  obtaining  C « 1)  can  be  provided 
not  only  with  the  large  h(h  .1,  when  tJRT <t.  I),  but  also  at  high  values 
i/7,.  what  it  is  possible  to  achieve,  increasing  n and  X (see  Table 
2)  . 
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ranges  (10).  Thus,  for  instance,  for  nitrogen  fcy  real  ranges  during 

change  T0  froa  200  to  2000  K and  pressure  from  10*  to  10*  Pa  they  are 

1.65  ^ e 16,5,  15^  K ^ 30,  10'*  ^ A ^ 10  for  r^/tge  - 1 cm.  Pig.  1 and  2 

as  an  exaaple,  give  corrected  values  depending  on  x for  some 

values  of  the  parameters  A,  , h and  n = ~ froa  these  ranges.  Broken 

K 

lines  plotted/applied  the  sclutions,  obtained  according  to  the  method 
of  instantaneous  freezing  with  the  application/use  of  condition  (11). 
The  calculations,  carried  out  for  the  flows  of  nitrogen,  show  that  in 
the  iq  practice  interesting  cases  it  is  not  possible  to 
simultaneously  ensure  such  values  ft.  K and  A,  which  lead  to  large 
difference  £ from  unity. 

Thus,  the  result,  obtained  in  work  [4],  can  be  considered  as 
mathematical  limit  in  N — > - and  seme  communication/connections, 

superimposed  on  the  remaining  parameters.  In  actuality  assignment  to 
physical  model  of  the  medium  gives  the  dependence  between  these 
parameters,  which  one  must  take  into  account  during  the  investigation 
of  solution. 
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CLIMB  OF  SHOCK  HAVE  ON  HEDGE  STREAMLINED  BY  A SUPERSONIC  PLOW. 

Yu.  F.  Makovskiy,  F.  V.  Shygayev. 

Is  contained  the  description  of  the  exper inenta L investigation 
of  an  incidence  ia  the  shock  wave  on  wedge  with  the  half-angle  of 
solution/opening  af  5°,  that  is  located  in  the  supersonic  flow,  with 
Mach  number  of  flow  Mt  = 1-46  and  of  the  incident  shock  wave  N2  = 
1.51.  Corrected  values  of  gas  density  in  different  ranges  of  flow, 
obtained  with  the  aid  of  interferometer. 

The  task  of  interaction  of  shock  wave  with  the  wedge, 
streamlined  with  the  supersonic  flow  of  gas,  in  linear 
approach/approximation  was  examined  in  works  [1]  (infinitely  fox 
tail)  and  [2]  (weak  compression  wave,  falling/incident  to  wedge).  In 
article  [3]  is  given  numerical  solution  of  task  for  the  case  when  the 
incident  shock  wave  experience/tests  regular  reflection  from  the 
surface  of  wedge. 


i 
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In  the  described  here  work  experimentally  was  investigated  climb 
of  shock  wave  to  wedge  with  the  half-angle  cf  solution/opening  of  5°, 
streamlined  with  the  supersonic  flow.  The  direction  of  the  motion  of 
wave  coincided  with  direction  of  the  flew,  flowing  around  wedge.  In 
this  case,  the  incident  shock  wave  experience/tested  Mach  reflection 
frem  the  surface  of  wedge.  Experiments  are  carried  out  in  the 
two-diaphragm  shock  tube  in  which  appeared  two  shock  waves.  Flow 
behind  the  first  shock  wave  created  the  supersonic  flow  around  wedge, 
after  which  on  it  fell  the  second  shock  wave.  Time  interval  between 
the  arrival  of  the  first  and  second  shock  waves  into  working  section 
was  50-150  ps.  As  working  gas  served  nitrogen.  Mach  number  of  the 
flow,  which  flows  around  wedge,  Ht  = 1.46,  Mach  number  of  the  wave, 
falling/incident  to  wedge,  H2  = 1.51.  The  velocities  of  shock  waves 
were  measured  with  the  aid  of  piezoelectric  pickups.  For  density 
measurement  of  gas,  was  applied  makh  - Tsender's  interferometer.  As 
the  source  of  light  of  interferometer  served  pulse  ruby  laser  with 
the  g-switching.  Mere  obtained  also  the  shadowgraphs  of  process. 

Typical  interferogram,  taken  through  4.9  ps  after  the  collision 
of  the  incident  shock  wave  with  the  leading  edge/nose  of  wedge,  given 
to  Fig.  1.  Here  1 - initial  wave  on  wedge;  2 - incident  shock  wave; 

3,  4 - shock  waves  after  interaction;  5 - shock  wave,  which  is  formed 
during  the  steady  flow  around  wedge  of  the  flow  of  gas  behind  the 
second  shock  wave.  As  a result  of  processing  experimental  data,  was 


1. 
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determined  the  position  of  shock  waves  after  interaction  and  is 
obtained  the  value  of  density  in  different  zones  of  flow.  Density  was 
calculated  from  formula  Ap  = A6/(kL).  Here  A - wavelength  of  the 


world/light,  emitted  by  lasers  (X  = 6943  A)  , k - constant  gladstona  - 
Deyla,  L - path  length  of  ray/beam,  6 - shift  of  interferance  fringe. 


Experiments  showed  that  gas  density  in  plug  behind  the  first  and 
second  shock  waves  is  in  effect  constant.  The  observed  about  wedge 
picture  of  flow  is  close  to  self-similar. 

Fig.  2,  gives  the  shadowgraph  of  process  and  is  shown  the 
position  of  shock  waves  near  wedge. 


the  first  appiox»«v 
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Key:  (1).  Density  ratio.  (2).  Calculation.  (3).  Experiment 


Here  corrected  values  of  density  in  the  different  ranges  of  flow  and 
value  of  mach  numbers  of  shock  waves.  As  a result  of  cooperating  the 
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incident  shock  wave  AB  with  leading  wave  AC,  are  Corned  two  new  shock 
waves  AD  and  AO,  between  which  appears  the  contact  surface  AE.  Under 
our  conditions  of  gas  density  behind  the  shock  waves  AD  and  AO,  they 
virtually  coincide,  and  contact  surface  on  photographs  is  not 
noticeable.  The  disturbed  range  OEDFK,  the  parameters  of  flow  in 
which  are  alternat ing/variable,  limited  from  above  by  the  shock  wave, 
which  proceeds  from  point  0.  Range  5 corresponds  to  the  flow  around 
wedge  of  the  supersonic  flow  with  new  Mach  number.  The  calculated  and 
experimental  values  of  density  in  ranges  1-5  will  agree  well. 
Calculation  is  related  to  ideal  gas  with  y = 1.4.  In  the  disturbed 
range  OEDFK,  gas  density  decreases  in  direction  from  carrying  wedge 
downstream.  Near  the  surface  of  wedge,  this  decrease  comprises 
approximately  lOo/o.  Experiments  show  that  the  number  M6  of  the  leg 
of  the  Mach  configuration  OK  exceeds  number  M2  of  the  incident  shock 
wave.  Wave  velocity  OK  in  the  laboratory  coordinate  system  is  smaller 
than  the  velocity  of  incident  wave  AB 
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BREAKAWAY  OF  TUPBULENT  BOUNDARY  LAYER  DURING  ITS  INTERACTION  WITH 
SHOCK  WAVE  IN  AN  ACCELERATED  SUPERSONIC  FLOW. 

A.  I.  Tolmanov,  V.  V.  Filatov. 

Are  given  tha  results  of  the  experimental  study  of  interaction 
of  shock  waves  with  turbulent  boundary  layer.  Is  examined  the  effect 
of  pressure  gradients  on  the  values  of  maximum  pressure  dif ferentials 
in  the  jumps,  calling  boundary-layer  separation.  It  is  shown,  that  in 
the  case  of  accelerating  the  "external"  flow  the  limiting  values  of 
pressure  differential  in  jumps  grow/rise  in  comparison  with  the  case 
of  the  breakaway  of  turbulent  boundary  layer  by  flat/plane  plate,  in 
experiments  are  used  the  expanded  conical  nozzles,  working 
medium/propellant  - air. 

One  of  the  basic  questions,  solved  in  the  tasks  of  cooperating 
the  boundary  layer  with  shock  waves,  is  the  determination  of  maximum 
pressure  increase  which  is  maintain/withstood  by  boundary  layer  until 
breakaway.  The  obtained  at  the  present  time  dependences,  as  a rule, 
are  related  to  tha  cases  of  the  gr adient- f ree  flow  before  the  place 
of  breakaway;  howaver,  frequently  them  they  spread  to  the  classes  of 
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the  flows,  in  which  the  flow  before  the  jump  is  accelen  ted.  The 
analysis  of  some  theoretical  and  e xper i mental  exaninat ions  [1,  2] 
forces  to  doubt  the  fact  that  for  all  models  of  flow  must  exist  the 
sinqle  ratio  of  pressure  in  the  jumps,  calling  boundar y- la yer 
separation-  For  obtaining  the  quantitative  evaluations  of  the  effect 
of  initial  pressure  gradients  in  the  case  of  cooperating  the  shock 
wave  with  turbulent  boundary  layer,  were  carried  out  pressure 
measurements  in  the  ranqe  of  flow  breakaway  from  the  walls  of  the 
expanded  conical  nozzles. 


Fig.  1 gives  for  the  comparison  two  circuits  of  flow  with 
boundary-layer  separat ion,  and  also  shows  the  character  of  pressure 
distribution  in  aach  case.  The  most  common/general/total 
sign/criteria,  which  are  inherent  in  different  models,  are  rapid 
pressure  rise  in  the  range  cf  breakaway  and  the  presence  of  the 
following  cha ract a r ist ic  points:  1 - point  at  which  the  boundary 
layer  experience/tests  initial  compression;  S - separation  point;  2 - 
point  of  elevated  pressure,  determined  in  the  pressures  plateau. 

Among  the  distinguishing  features  of  the  presented  circuits  most 
essential  is  the  acceleration  of  the  flew  before  the  shock  wave  in 
the  case  of  breakaway  in  nozzle.  Shock  wave  is  form/shaped  within  the 
limits  of  boundary  layer,  beqinning  frem  scnic  line,  so  that  its 
intensity  in  viscous  layer  is  variable.  A maximum  pressure 
differential  on  shock  wave  in  the  ranqe,  which  adjoins  the  breakaway 


DOC  = 780  67909 


P AG  E Xty/ 


zone,  it  will  correspond  to  certain  point  e (see  fig.,  1b), 
arrange/located  on  the  boundary  of  the  disturbed  boundary  layer.  If 
for  the  step,  stceanlined  with  the  steady  flow,  number  then  for 

a nozzle  as  a result  of  the  expansion  of  the  undisturbed  flow  at  the 
length  of  the  zone  of  interaction  of  jump  with  boundary  layer 
HO  p.  <V\  and  m,  >M,. 

Page  118. 

Therefore,  consiisring  critical  the  pressure  differential  on  shock 
wave  in  the  undisturbed  zone  of  flow,  which  adjoins  the  breakaway 
zone,  we  must  establish/install  dependence  for  ratio  r»//v  f(H),  if 

we  examine  flow  with  pressure  gradients  before  the  shock  wave.  In  the 
case  of  breakaway  on  plate,  this  jump/dtop  is  determined  by  the 
relation  of  pressures  p*/Pi  and  for  a turbulent  boundary  layer  in 
essence  depends  on  numbers  (1,  of  flow.  In  the  experiments  conducted 
was  placed  the  task  additionally  to  explain  that  in  which  measure  the 
acceleration  of  the  flow  before  the  jump  affects  the  value  of  a 
critical  jump/drop  in  the  pressures  PtiPr- 

For  experiments  were  selected  conical  nozzles  with  different 
half-angles  of  the  solution/opening  (a  = 9°,  11°,  15°,  25°)  and  exit 
mach  numbers  within  limits  2.86-4.18;  critical  throat  diameter 

comprised  approxiiatel y 14  mm.  A change  in  the  location  of  the 
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breakaway  of  flow  relative  to  walls  and,  therefore,  the  initial 
paraneters  of  interaction  was  achieved  by  the  variation  of  the  total 
pressure  at  the  nozzle  entry  (discharge  occurred  into  the  environment 
with  the  pressure,  equal  atmospheric). 

The  usual  draining  of  nozzle  liners  does  not  make  it  possible  to 
construct  reliable  pressure  profiles  in  the  vicinity  of  breakaway; 
therefore  for  measurements  was  used  the  fine/thin  cylindrical  nozzle 
of  static  pressure  (0.8  x 0.5  mm)  with  skew  shear  of  leading 
edge/nose.  Nozzle  is  establish/installed  on  coordinate 
equipment/device  which  was  run  up/turned  to  the  angle,  equal  to  the 
half-angle  of  the  solut ion/cpening  of  nozzle,  thanks  to  which 
introduced  into  breakaway  zone  from  the  side  of  the  section/shear  of 
cap/fillings  it  slipped  on  the  forming  wall.  Static- pressure  probe 
was  located  at  a distance  by  8 mm  from  carrying  nozzle  and  it  was 
directed  to  the  side  of  nozzle  liner.  The  escape  of  nozzle  relative 
to  bracket  was  80  ram.  Position  of  intake  on  forming  the  nozzles  was 
determined  with  the  aid  of  the  indicator  of  the  linear  displacements 
of  coordinate  spacer  apparatus  with  accuracy/precision  0.1  mm. 
Pressure  was  recorded  with  the  aid  of  instrument  GRM-2  through  1 mm 
of  the  course  of  nozzle,  and  also  via  the  oscillography  of  signals 
from  the  pressure  sensors  MDD-780-220,  ensuring  accuracy/precision 
with  ±2o/o  (£,11.2  mm  Hg)  , at  the  rate  of  the  displacement  of  nozzle 
of  approximately  0.05  mm/s. 
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For  each  of  the  nozzles,  it  was  realized  on  6-8  stable 
operations  of  flow  breakaway  and  carried  out  measurement  in  the 
interaction  region  of  jump  with  boundary  layer  on  the  basis  of  which 
were  constructed  the  curve/graphs  of  pressure  distribution  along  the 
lenqth  of  supersonic  part  of  the  nozzles,  analogous  presented  in  Pig 
1b. 


Prior  to  the  beginning  of  the  interaction  region  of  jump  with 
boundary  layer,  the  results  of  measurements  coincide  sufficiently 
well  with  the  values  of  the  pressures,  obtained  by  calculation 
according  to  relationship/ratios  for  one- d imens iona 1 isentropic 
flows.  Point  1 |s;e  Fig.  1b),  in  which  pressure  curve  will  move  away 
for  the  first  time  from  the  calculated,  it  was  accepted  for  the 
beginning  of  breakaway  zone. 

1 

I 


- 


I 


H 


J 


Fig.  1.  a)  - the  breakaway  before  the  direct/straight  step;  b)  - 
breakaway  in  conical  nozzle. 

Key:  (1).  Breakaway. 

Page  120. 

Since  within  the  limits  of  the  range  of  breakaway  in  boundary  layer 
due  to  the  presence  of  compression  waves  are  transverse  pressure 
gradients  (>>)■  the  direct  measurement  of  value  r,  is  not 
represented  possible.  For  its  determination  were  conducted 
preliminary  blasting  during  nonseparable  flew  on  an  entire  part  of 
the  nozzle  and  was  establish/installed  the  function  of  pressure  p/po 
= v(f!)  . On  the  specific  from  experiment  geometry  of  the  zone  of 

l 

breakaway  and  known  for  each  nozzle  function  w (H)  were  located 
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pressure  values  at  point  e,  which  corresponds  to  the  undisturbed  flow 


in  the  beginning  of  the  pressures  plateau  (see  Fig.  1b). 


The  obtained  experimental  data  are  represented  on  Fig.  2a  in  the 


fora  of  the  dependence  of  the  critical  sense  of  pressures  p*:pt  on 


number  m,  before  the  shock  wave.  With  the  relatively  small  scatter 


of  experimental  points  for  nozzles  with  identical  aperture  angle,  is 


observed  a noticeable  difference  in  the  results  within  the  limits  of 


entire  selected  range  of  aperture  angles.  Here  for  a comparison  is 


given  analogous  dependence  for  flat/plane  detached  flows  [3],  that 


generalizes  the  experimental  data  of  a number  of  different  authors. 


With  identical  numbers  m,  is  noted  clear  tendency  toward  an  increase 


in  the  maximum  shock-wave  intensity  with  an  increase  in  the  expansion 


angles  of  nozzles  or  absolute  values  of  pressure  gradients. 


Findings  were  generalized  in  form,  indicated  in  work  [1],  and 


were  represented  in  Fig.  2b.  The  effect  of  pressure  gradient  is  here 


taken  into  account  by  coefficient  r = i - -pL  where  - the 


dimensionless  parameters,  determined  respectively  for  the  nozzle 


liner  and  flat/plane  turbulent  flow  at  the  identical  values  of  the 


gas-dynamic  parameters  in  the  beginning  of  interaction  region: 


. s 

t, S—  . «ll 

fvu. 


Here  p'xe  = \l‘E^  - pressure  gradient  before  the  shock  wave,  calling  flow 
breakaway  in  nozzle;  r'x  n,  = ( - maximum  value  of  pressure  gradient 


M 
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on  wall  in  the  breakaway  zone  the  flat/plane  turbulent  flow  before 
the  step. 

Value  p\,  was  determined  by  calculation  with  the  known  froa 

experiments  geometric  characteristics  of  the  range  of  flow  breakaway 

in  nozzle.  Derivative  />r  can  be  written  as  *1  dP  rfM 

dx  </.M  dx  • 

Since  point  e lie/rests  at  the  region  cf  inviscid  flow,  the 
derivative  dp/dn  is  determined  from  the  function  of  pressure  for  the 
isentropic  flow: 

a 

f-  = (H-  - „ ' M»)  ' ‘ - it  (M); 

* 2 (I) 

dp 

,/M  “ ~ "i  — I " • 
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Fig.  2. 


Page-  121. 


For  flows  in  conical  nozzle,  it  is  possible  to  consider  valid  of 
relationship/ratio  for  a supersonic  source,  therefore,  the  velocity 
gradient  in  arbitrary  point  can  be  deterained  froa  the  expression: 


(-£)* 


i 

M 


I ) —5 — 

if  I 


_li  L 
2(— f» 


where  ».  a„,  - respectively  distance  froa  the  point  in  question  and  the 
point,  which  corresponds  to  the  transonic  speed,  of  the  pole  for 
which  can  be  accepted  the  point  of  intersection  of  generatrices  of 
conical  nozzle. 


Differentiating  this  relationship/ratio,  we  obtain 


,i  M 
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Utilizing  relationship/ratios  (1)  and  (2),  we  can  write  for 

pressure  gradient  at  point  e the  following  expression: 

2 /-„ 


r„ 


M.  I 


The  values  calculated  according  to  formula  (3)  with  the  use 

of  experimental  values  of  the  parameters,  entering  the  right  side  of 
the  expression,  tfiey  varied  within  the  limits  (-0.  08 ) - {- 0.  29) 

(kg  /ci^/ci. 


It  is  experimentally  establish/installtd  [3]  that  the  maximum 
values  of  gradients  in  pressure  profiles  near  separation  point 

can  be  approximately  determined  by  the  dependence 

' •>  "•»  2 

The  values  of  critical  jump/drops  in  pressures  p*/p,  for  the 
flat/plane  case  ware  accepted  on  experimental  data  [3],  and  boundary 
layer  thickness  6,  was  determined  by  calculation  according  to  the 
parameters  at  point  1.  Numbers  Re,  were  calculated  from  data  in  the 
beginning  of  the  interaction  region  of  jump  with  the  boundary  layer 
of  nozzle,  in  this  case,  for  characterist ic  linear  dimension,  was 
accepted  the  distance  from  point  1 to  pole.  The  range  of  a change  in 
numbers  Re,  comprised  ( 2.  4 3-  1 2.  *3)  • 106. 


In  th  G P3T319  t^TS  v,  »nji  enter  also  the  characteristic  linear 
dimensions:  Ax*  - for  a nozzle  and  &is  - for  the  flat/plane  breakaway 
before  the  step.  The  selection  of  precisely  these  parameters  is 
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caused  by  the  fact  that  the  values  Ax*  sufficiently  accurately  are 
establish/installed  along  experimental  pressure  profiles  in  the 
breakaway  zone  of  flow,  but  the  dimensionless  length  of  the  range  of 
lifting  the  pressure  is  above  with  flow  f roi  separation  point  before 
the  step  4/5 , as  it  follows  from  the  experimental  data  [3],  does  not 

A/ 

depend  on  numbers  Re,  and  « , and  comprises  , s«=2.25-<  2 75  During 
processing  of  experimental  data,  it  was  assumed  that  fl,s  ^ * \ 
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Pig.  3.  Designations  the  same  as  in  Fig.  2. 

Page  122. 

As  concerns  the  determination  of  the  extent  of  the  interaction 
region  of  jump  with  boundary  layer  in  conical  nozzle,  on  the  basis  of 
experimental  data  (Fig.  3)  it.  is  possible  tc  count  that  for  the 
investigated  range  of  numbers  M„  and  of  the  half-angles  a of  value 
Ax2  they  correspond  to  a change  of  relation  ,vv .M,  within  limits  of 
1.  OS-1.08.  In  experiment  these  values  were  3*5-12  mm. 

That  presented  makes  it  possible  to  make  the  conclusion  that  the 
disregard  of  the  effect  of  pressure  gradients  before  the  jump, 
calling  boundar y- 1 ayer  separation  in  the  accelerated  flow,  can  lead 
sometimes  to  essential  errors  during  determining  of  the 
characteristics  of  breakaway.  To  the  presented  in  Pig.  2b,  results  of 
processing  experimental  data  correspond  ths  values  of  parameter  c = 

1.  04-  1 . 30. 
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EX  PEP  IHENT  AL  STUDY  OF  AXISYHHET HICALLY  SHAPfD  SUPBRSONI.  NOZZLES  WITH 
SHALL  RE  NUHBERs. 


L.  I.  Kudryavtseva,  I.  I.  Nezhirov,  S.  P.  Pcnoiarev,  V.  L.  Yakusheva. 


Are  given  the  results  of  the  experimental  study  of  flow  in  two 
supersonic  axisymetric  shaped  nozzles,  designed  taking  into  account 
viscosity  effect  on  obtaining  of  flow  with  Hach  number  = 6 and  which 
are  distinguished  by  computed  value  of  the  temperature  of  wall. 

Number  *<«•/.  for  both  nozzles  is  equal  9.3»10*,  the  displacement 
thickness  of  laminar  boundary  layer  in  nozzle  exit  section  is 
comparable  with  a radius  of  isentropic  duct/contour  or  aven  exceeds 
it.  It  is  shown,  that  the  account  of  viscosity  effect,  which  consists 
of  the  addition  of  the  thickness  of  tightening  of  boundary  layer  to  a 
radius  of  isentropic  duct /contour , leads  to  the  satisfactory  result: 
in  spite  of  small  size/dimensions  of  inviscid  flow  core,  Hach  number 
in  it  within  the  limits  of  exit  characteristic  rhomb  virtually  it  is 
constant  and  it  is  equal  to  its  computed  value. 


It  is  known  that  the  ductility/toughness/viscosity  exerts  a 
substantial  influence  on  the  characteristics  of  supersonic  nozzle 
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flow  (foe  example,  see  [1,  2]).  Viscosity  effect  is  amplified  with  an 
increase  in  Each  number  and  the  decrease  of  Re  number,  and  during  the 
specific  combination  of  these  parameters  characteristic  boundary 
layer  thickness  (for  example,  displacement  thickness)  can  render/show 
comparable  with  a radius  of  isentropic  duct/contour  or  even  exceed 
it.  Arises  question,  can  such  nozzles,  designed  on  the  basis  of  the 
separation  of  flow  into  inviscid  nucleus  and  classical  boundary 
layer,  ensure  the  satisfactory  quality  cf  flow,  or  they  must  be 
calculated  as  a result  of  the  solution  of  the  complete  equations  of 
nav'ye  - Stokes.  For  an  answer/response  to  this  question,  was 
undertaken  present  investigation. 

Were  designed  the  coordinates  of  two  axisyaaetric  nozzles  of 
those  intended  for  creation  in  the  exit  characteristic  rhomb  of  the 
uniform  flow  with  nach  number  = 6.  Initial  isentropic  duct /contour , 
one  and  the  sane  in  both  cases,  it  was  de^LgntMl^n  COBPuters  hy 
method  of  characteristics  by  V.  K.  Solodkin.  This  - axisyaaetric 
nozzle  with  the  section  of  radial  flow  which  will  be  joined  with  the 
leveling  section.  Maximum  value  of  the  slope  tangent  of  duct/contour 
tgff0  3 0.25.  Nozzle  is  designed  for  the  flow  in  it  of  ideal  gas  with 
adiabatic  index  % * 1.4. 

Viscosity  effect  was  considered  by  addition  to  radii  of  the 
isentropic  duct/contour  r of  the  displacement  thickness  of  boundary 
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layer  6*,  which  was  determined  as  a result  cf  numerical  solution  on 
the  computers  of  the  equations  of  laminar  boundary  layer  by  the 
finite-difference  method,  presented  in  work  [3  3- 

Page  124. 

As  data  on  boundary  layer  edge,  were  taken  the  values  of  parameters 
on  isentropic  nozzle  contour,  the  coefficient  of  the 
ductil it y/toughnas s/viscosity  of  air  was  calculated  from  the  formula 
of  Southerland,  Prandtl's  number  was  taker*  as  equal  to  0.71,  A radius 
of  the  critical  section  of  both  nozzles  is  accepted  cf-  . 2.5  mm, 
pressure  and  temperature  of  stagnation  with  respect  p0  = 5000  Pa  and 
T0  = 450  K.  Calculations  are  carried  out  for  two  values  of  the 
temperatur*  of  nozzle  liner  (in  both  cases  of  constant  over  its 
lengtlr)  and  80  K,  which  corresponds  to  cooling  nozzle  liner  by 

water  and  liquid  nitrogen. 

During  calculations  was  assumed  the  absence  of  boundary  layer  in 
nozzle  throat.  Slip  and  temperature  jump  were  not  considered 
(Knudsen's  number,  designed  according  to  a radius  of  nozzle  and 
conditions  on  wall,  it  does  not  exceed  0. 0 3).  The  number 
calculated  along  the  length  of  nozzle  and  the  static  parameters  in 
its  exit  section,  is  equal  to  9300.  So  low  a value  confirms  the 

presence  on  the  nozzle  liners  of  laminar  boundary  layer. 


6*  (x)  the  duct/coa tour s.  By  dotted  line  is  shown  the  characteristic, 
which  limits  the  rhomb  of  the  uniform  flow.  It  is  evident  that  the 
displacement  thickness  of  boundary  layer  in  nozzles  has  the  same 


order,  as  a radius  of  isentropic  duct/contour,  tut  in  nozzle  1 


exceeds  it.  Boundary  layer  thickness  in  these  parameters  noticeably 
exceeds  displacement  thickness.  A radios  of  the  output/yield  of 
nozzle  1 is  equal  to  41.2  mm,  a radius  of  the  output/yield  of  nozzle 
2-28.7  mu,  the  length  of  both  nozzles  is  176  mm. 

The  nozzles,  depicted  on  Fig.  1,  were  made  and  were  tested  in 
vacuum  wind  tunnel.  In  experiments  were  measured  total  pressure  pQ 
and  the  temperature  of  stagnation  T0  (in  the  settling  chamber  of 
duct) , the  distribution  of  the  total  pressure  after  normal  shock  wave 
Po  on  the  axle/axis  of  nozzle  and  in  primary  section  at  a distance  of 
150  mm  from  critical  section,  the  temperature  distribution  on  wall. 
Value  p0  was  measured  by  0-shaped  liquid  manometer  with  di butyl 
phthalate,  p'0  - by  a hot-wire  gauge  with  the  maximum  error  of 
measurement  3o/o,  N.  I.  Lyapunovoy's  developed,  temperature  - by 
thermocouples.  The  nozzle  of  the  total  pressure  had  diameter  5 mm. 

The  coefficient,  which  considers  viscosity  effect  on  readings  of 
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nozzle,  is  equal  to  -0.99,  which  leads  to  corrections  in  lieits  of 
accuracy  of  eeasureaents. 

The  values  of  Nach  numbers  in  isentropic  core  were  determined 
froe  relation  /va..  in  boundary  layer  - in  terns  of  the  calculated 
values  of  static  pressure  on  the  boundary  ot  nucleus  and  the  aeasured 
values  p£.  Air  in  this  case  considered  ideal  gas  the  adiabatic  index 

X » 1.*. 


Are  given  below  the  results  of  the  experisental  study  of 
nozzles. 

Nozzle  1.  Pig.  2,  gives  the  distribution  of  Nach  numbers  to  the 
axle/azis  of  nozzle  1 in  the  calculated  parameters  (p„  * 5000  Pa;  T0 
= 450  K;  r.-woK).  Nach  numbers  within  the  limits  of  exit 
characteristic  rkosb  are  constant  and  in  effect  equal  to  6.  On  Pig.  3 
shown  cross  field  of  Nach  numbers,  measured  at  a distance  of  150  an 
from  nozzle  throat.  In  nozzle  there  is  a nucleus  of  the  uniform  flow, 
which  in  this  section  has  diameter  15  nn. 

Boundary-layer  calculations  showed  that  at  the 
assigned/prescribed  values  p0  * 5000  Pa  aad  r,-.  wok  value  6*  with 
change  T0  is  not  virtually  changed,  since  the  opposite  influences, 
caused  by  a change  in  Re  number  and  in  temperature  factor  it  is 

compensated  for  one  by  another. 


DOC  * 78067909 


P AO  E Jf# 


Fig.  1. 


Key:  ( 1)  . Nozzles. 

Page  125. 

This  result  was  tasted  experimentally.  The  dependences  of  Nach 
nuibers  (X)  » measured  on  the  axle/axis  of  nczzle  at  the  different 
values  T 0,  are  given  to  Fig.  4.  It  is  evident  that  change  T0  from  300 
to  1000  K does  not  have  considerable  effect  on  the  distribution  of 
Nach  numbers  along  the  axle/axis  of  nozzle. 

If  deviations  under  conditions  of  experiments  lead  to  noticeable 
change  in  6*,  the  distribution  of  Nach  numbers  in  inviscid  nucleus 
can  strongly  change.  So,  the  decrease  of  pressure  p0  to  2500  Pa  or 
temperature  contrast  along  wall  lead  to  the  high  gradient  of  Nach 
numbers  on  the  axle/azis  cf  nozzle  (Fig.  5). 
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Romzles  2.  This  nozzle  was  tasted  with  p0  * ' 5000  Pa,  T0  = 450 

K,  /»  “9ok  (calculated  *>K)  The  distribution  of  Hach  numbers  on 
the  azle/axis  of  nozzle,  measured  under  these  conditions,  is  given  to 
Pig.  2.  In  characteristic  rhomb  the  floe  is  uniform,  mach  number  is 
close  to  calculatad.  Cross  field  with  x = 150  am  is  shown  on  Fig. 

3.  I"  this  case  here  also  there  is  a nucleus  of  the  uniform  flow 
approximately  15  am  in  diameter. 
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Key:  (1).  Nozzle. 


Page  126. 

Pig.  6,  gives  dependences  N (TO  on  the  axle/axis  of  nozzle  2 with 
p0  = 5000  Pa,  /„  • 90K  and  different  T0.  It  is  evident  that  a change 
in  the  teaparatura  of  stagnation  from  450  tc  1000  K,  as  in  the  case 
of  nozzle  1,  did  not  cause  a noticeable  change  in  dependences  H (70  . 


Given  data  like  it  possible  to  draw  the  conclusion  that  the 
account  of  viscosity  effect  within  the  fraaework  of  boundary-layer 
theory  during  the  design  of  the  supersonic  nozzles,  designed  on  the 
saall  Re  nuabers,  with  which  the  transverse  size/dinensions  of 
isentropic  core  are  comparatively  saall,  gives  satisfactory  results 
and  can  be  applied  in  practice. 
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Key:  (1).  Nozzles.  (2).  see  on  curve/graph. 
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EXPERIMENTAL  DETERMINATION  OF  THE  DEPENDENCE  OF  INTENSITY  OF  FLOW  IN 
A MOLECDLA  R WIND  TUNNEL  ON  TEMPERATURE  OF  STAGNATION. 


I.  D.  Vershinin. 


I 


I 


li 


! 


Are  given  the  results  of  the  experimental  determination  of  the 
dependence  of  intensity  of  flow  in  molecular  wind  tunnel  on  the 
distance  between  the  nozzle  and  the  shimmer  at  different  temperatures 
of  stagnation  (293-1033  K)  and  it  is  shown,  that  with  the 
constant/invariable  nozzle  flow  an  increase  in  the  temperature  of 
stagnation  leads  to  an  essential  increase  in  the  intensity  of  flow. 


The  basic  flow  parameters  in  molecular  wind  tunnel  are  intensity 
(i.e.  the  number  of  molecules,  which  intersect  the  unit  surface  area, 
normal  to  flow,  par  unit  time)  and  average  speed.  Is  accumulated  at 
the  present  time  extensive  experimental  material  about  the  effect  of 
different  factors  on  these  Faram<?ters  [1].  However,  the  large  part  of 
the  works,  in  which  is  obtained  this  material,  was  fulfilled  without 
preheating  of  gas  in  precombustion  chamber,  i.e.,  at  room  temperature 


; 
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of  stagnation.  At  the  same  time  it  is  obvious  that,  increasing 
temperature  of  stagnation,  it  is  possible  to  increase  the  average 
speed  of  flow  in  aolecular  wind  tunnel.  Furtheraore,  the  preheating 
of  gas  is  necessary  for  preventing  the  condensation  on  the  initial 
section  of  the  circuit  of  aolecular  duct  - in  the  supersonic  jet, 
which  escapes  into  vacuum.  In  connection  with  this  arises  the 
question  concerning  the  effect  of  the  temperature  of  stagnation  T0  on 
intensity  of  flow  in  aolecular  wind  tunnel. 

The  effect  of  the  value  of  T0  on  the  value  of  the  optiaua 
distance  between  nozzle  and  skimmer  of  aolecular  tunnel  was 
investigated  in  work  [2],  hut  its  effect  on  intensity  - in  work  [3], 
where  given  data  on  intensity  change  depending  on  T0  at  a constant 
pressure  in  precoa bust  ion  chamber  p0.  It  should  be  noted  that  change 
T0  with  p0  = const  will  entail  a change  in  the  gas  flow  through  the 
nozzle.  In  this  case,  change  the  pressure  residual  gas  in  the 
earner  a/chambers  of  duct  ("back  grou  nd ")  and  the  flow  of  molecule, 
reflected  from  skimmer,  i-e.,  those  factors  which  by  themselves  exert 
a substantial  influence  on  intensity.  Taking  into  account  the  absence 
at  present  of  the  *~t:\ods  of  the  calculation  of  the  effect  of  the 
named  factors  on  the  aolecular  flow,  it.  is  necessary  to 
state/establish  that  the  development/detection  of  effect  on  the 
intensity  strictly  of  temperature  T0  according  to  the  results  of 
intensity  measurements  at  p0  * const  proves  to  be  difficult. 
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In  order  to  avoid  side  effects  during  the  solution  of  a question 
concerning  the  effect  of  temperature  T0  on  the  intensity  of  the 
molecular  flow,  is  represented  advisable  conducting  measurements  not 
with  p0  = const,  but  with  the  constant/invariable  gas  flow  through 
the  nozzle.  In  this  case  is  reached  the  pressure  constancy  residual 


gas. 


Page  128. 

Furthermore,  it  is  possible  to  expect  that  in  effect  constant  will 
remain  the  gas  flow  in  jet  cross- sectic na Is  area  on  the  section 
between  the  nozzle  and  the  skimmer  and  because  of  this  the  flow  of 
the  molecules,  reflected  frcm  skimmer.  On  the  basis  of  the  given 
considerations  when  conducting  of  this  work,  the  intensity  of  flow 
was  measured  with  T0  = var  and  constant  flow  rate/consum ption  of  the 
gas  through  the  nozzle. 

Experiments  were  carried  out  in  the  molecular  wind  tunnel  whose 
diagrammatic  representation  together  with  eguipment/device  for 
measuring  the  intensity  of  flow  (detector),  described  in  work  [4],  it 
is  represented  in  Pig.  1. 
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In  expedients  were  utilized  the  becoming  narrow  sonic  nozzle 
with  the  critical  throat  diameter  d0  » 1.1  an,  conical  skinner  of 

inlet  2.9  mm  in  diameter  whose  external  and  internal  angles  comprised 
with  respect  to  70°  and  50°,  and  ccnical  collimator  of  inlet  2.7  am 
in  diameter.  The  distance  between  the  skinner  and  the  collimator  was 
47  an.  The  entrance  of  the  nozzle  of  detector  (0.76  nn  in  diameter) 
was  located  at  a distance  by  290  am  frcn  ccllinator. 


In  experiments  were  defined  the  dependences  of  intensity  J on 
the  distance  between  the  nozzle  and  skimmer  xoi  at  different  values 
Tp  and,  as  has  already  been  indicated  that  the  constant/ invariable 
flow  iate  of  the  working  gas  through  the  nozzle.  Virtually  this  was 
realize/acconpl ished  as  follows.  With  off  preheater  with  the  aid  of 
flow  regulator,  was  established  certain  pressure  in  precom bust  ion 
chamber  p0  and  was  determined  dependence  d(xot).  After  this  was 
included  the  preheater  and  was  raised  temperature  to  certain  value 
T0 . The  gas  flow  through  the  flow  regulator  (and,  therefore,  through 
the  nozzle)  im  this  case^did  not  change,  but  pressure  p„  increased 
proportionally  | r„  Determined  dependence  J(x0l)  at  new  values  of 
T0  and  p0.  Then,  Increasing  current  in  preheater,  was  established  the 
new  value  T0,  again  was  determined  dependence  J(xot)  and  so  forth.  As 
an  example  of  the  obtained  thus  results  Fig.  2,  gives  the  dependences 
of  intensity  J of  the  flow  of  the  molecules  of  nitrogen  on  T0j  = 
*o»/^o  *i*h  constant  flow  r ate/consumpt ion  of  the  gas  through  the 
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nozzle,  equal  to  floe  rate  with  p„  * 2.67«10*  Pa  and  T0  « 291  K.  The 
analysis  of  these  dependences  shows  that  with  the  increase  of 
tenperature  T0  the  fora  of  dependences  J(«0l)  renains 
constant/invariable  and  coincides  with  the  tors  of  such  dependences, 
which  were  beinq  repeatedly  observed  earlier  (for  example,  see  [ 1 ]) . 
It  is  possible  to  note  also  that  distance  xol,  at  which  is  reached 
the  aaxinun  (with  T0  * const)  value  of  intensity  J,n j*  , waakly  it 
depends  on  teapenture  T„.  This  result  qualitatively  will  agree  with 
the  results,  obtained  in  [2]1. 

FOOTNOTE  1 . Froa  the  given  in  work  [2]  empirical  formula,  which 
deterainea  for  the  molecular  flow  ct  argon,  follow  a that  with 

the  constant  nozzle  flow  during  change  T0  the  distance 
changes  insignificantly.  ENDFOOTNOTR. 

Host  the  important  conclusion/derivation,  which  can  be  made  on 
the  basis  of  the  experiments  conducted,  consists  of  the  fact  that  an 
Increase  in  the  temperature  of  stagnation  leads  to  a considerable 
increase  of  the  intensity  of  flow  in  molecular  wind  tunnel.  So, 
during  change  T0  from  293  to  1013  K (see  Fig.  2)  intensity 
increases  more  than  4 times. 

So  strong  dopendence  of  intensity  on  temperature  T„  was  somewhat 
not  expected.  It  is  real/actual,  with  an  increase  in  the  temperature. 
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T0  was  sosewhat  not  expected.  It  is  real/actual,  with  an  increase  in 
tesperature  T0  at  the  constant  nozzle  flow,  approximately  it  is 
possible  to  count  that  in  each  Jet  cross-sectional  area  the  gas 
velocity  increases  proportionally  density  decreases 

proportionally  and,  therefore,  flow  rate  in  this  section  does 


not  depend  on  T 


DOC  « 78067910 


PAGE  30& 


Pig.  1.  1 - precon  bust  ion  chamber ; 2 - multishirt  ohaic  Ni  chrome 
preheater;  3 - thermocouple;  4 - sonic  noxzle;  5 - skimmer;  6 - 
collimator;  7 - detector. 


Page  129. 


In  connection  with  this  it  would  seem  natural  to  assume  that  the 
measured  intensity,  proportional  to  specific  flow  rate  at  large 
distances  from  nozzle,  also  must  weakly  depend  on  temperature  Tn. 
Since,  however,  occurs  the  strong  dependence  of  intensity  on  T0, 
arises  the  question  concerning  that,  is  not  connected,  in  spite  of 
the  given  above  elementary  reasonings,  the  dependence  indicated  with 
a change  in  the  gas  flow  through  skimmer  PI.  For  the  solution  of  this 
question,  were  carried  out  the  special  measurements  of  flow  rate  of  N 
under  conditions,  identical  to  the  conditions,  under  which  were 
obtained  dependences  J(z0»)  (see  Pig.  2).  The  results  of  these 
measurements  are  represented  in  Pig.  3. 
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The  analysis  of  data  given  to  Fig.  3,  and  comparison  them  with 
given  Fig.  2 they  show  that  on  value  T0  the  relative  change  in  the 
flow  rate  depending  through  the  skinner  is  significantly  lesser  than 
the  relative  change  in  the  intensity. 

Taking  into  account  that  in  ccnforaity  with  establishing  at  the 
present  tine  reprasentations  [1]  the  weakening  of  intensity  of  flow 
in  molecular  duct  is  caused  in  essence  by  scattering  the  nolecules  of 
jet  on  the  nolecules  of  residual  gas  ("background")  on  section  nozzle 
- skinner  and  the  nolecules,  reflected  fron  skinner,  the  obtained 
result  can  be  explained  as  follows,  tilth  an  increase  in  tenperature 
T0 , increases  the  speed  of  the  nolecules  of  jet  of  the  relatively 
scattering  nolecules.  In  turn,  an  increase  in  this  velocity  it  leads 
to  the  decrease  of  the  cross  section  of  internolecular  collisions 
and,  therefore,  to  an  increase  in  the  intensity.  In  this  case, 
because  the  relation  of  the  angular  dinensicns  of  detector  and 
skinner  (characterized  the  angles,  at  which  are  visible  the  inlets  of 
detector  and  skinner  made  of  the  center  of  nozzle  throat) 
substantially  less  than  the  unit,  the  effect  of  internolecular 
collisions  on  the  value  of  intensity  considerably  nore  than  their 
effect  on  rate  of  discharge  through  the  skinner. 
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Page  130. 

CONTROL  OP  SOPT  LANDING  OF  SPACE  VEHICLE  ON  PLANBT. 

E.  V.  Gaushus,  S.  N.  Maksimov. 

Is  examined  steering  the  center  of  lass  of  space  vehicle  along 
vertical  line  in  the  unifora  gravitational  field  in  landing  process 
on  planet  without  the  atnosphere.  It  is  proposed  as  steering  function 
to  select  the  polynomial  of  the  square,  which  approximates  the 
noainal  phase  trajectory  of  descent  with  the  smallest  quadratic 
deviation. 

The  use  of  on-board  digital  computers  (BTsVH  ( bubm 
high-speed  digital  computer])  in  the  systems  of  steering  of  space 
vehicles  (KA)  makes  it  possible  to  realize  the  law  of  control,  close 
to  optimum  in  any  sense,  for  example  for  operating  speed.  So,  in 
landing  process  of  KA  on  the  surface  of  planet  in  the  memory  of  BTsVH 
it  is  possible  to  store  the  necessary  data  on  the  nominal  and  current 
trajectories  of  descent.  In  this  case,  the  law  of  control  of 
actuating  elements  it  is  expedient  to  form/shape  in  the  form  of  the 
function  of  the  deviations  of  the  current  parameters  of  motion  from 
their  nominal  values.  However,  on  the  small  descent  vehicles  not  it 
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is  always  profitable,  for  example  in  weight  sense,  to  set  BTsV.I. 
Nevertheless  when  the  d isturba noe/pert urba tions  of  different  nature 
are  present,  always  it  is  required  to  carry  out  a safe  and  economical 
in  the  sense  of  the  flow  rates  of  working  med i um/propell an t 
landinq/f ittinq  of  K A on  the  surface  of  planet. 


Let  us  assuia  that  the  atmosphere  of  planet  is  absent  or 
rarefied  so,  that  its  effect  on  motion  of  KA  can  be  disregarded.  Then 
the  main  perturbation  sources  are  the  deviations  of  initial  data  from 
nominal  values,  the  error  of  measuring  equipment  and  actuating 
elements.  It  is  logical,  appears  the  problem:  how  to  form/shape  the 
laws  of  steering  such  KA  in  landing  process.  This  work  is  dedicated 
to  the  study  of  t a is  problem  during  motion  cf  KA  in  the  uniform 
gravitational  field  of  planet. 

It  is  assumed  that  on  board  KA  is  equipment,  with 
heigh t/alt itude  and  the  velocity  of  the  motion  of  the  canter  of  mass 
of  KA  relative  to  the  surface  of  planet.  It  is  accepted  also  that  the 
brake  motor  is  fasten/strengthened  along  longitudinal  axis  of  KA,  and 
steering  the  center  of  mass  of  KA  is  realize/accomplished  by  means  of 
the  regulating  of  the  thrust  level  of  engine.  The  motion  of  the 


center  of  mass  of  KA  along  vertical  line  is  described  by  the 
following  system  of  equations: 
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1 


I 


Sot tn «ss  condition  of  landing/f ittiag  let  us  present  in  the  fora 

jr(r)-*(n-»o.  (2) 


Page  131. 

In  equations  (1)  jnd  (2);  x - height/altitude  of  the  center  of  Bass 
of  KA  above  the  surface  of  planet,  P - thrust/rod  of  brake  motor,  n - 
mass  |f A , c - effective  exhaust  gas  velocity  from  engine  nozzle,  c = 
const,  g - gr avit i t iona 1 acceleration,  T - duration  of  the  active 
section  of  braking. 

It  is  known*  that  optimum  for  the  fuel  consumption  and  operating 
speed  is  the  circuit  with  one  active  section  at  the  maximum  value  of 
the  thrust  level  of  brake  motor. 

FOOTNOTE  *.  A.  N.  Letov,  flight  dynamics  and  control.  N. , Fizmatgiz, 
1969.  ENDFOOTNOTB. 

In  this  case,  the  termination  of  powered  flight  corresponds  to  the 
torque/moment  of  the  contact  of  KA  of  the  surface  of  planet. 

Integrating  system  of  equations  (1)  taking  into  account 

P *-  --  const, 

conditions  (2)  when  A we  will  obtain  the  equations  of  the 

nominal  trajectory  of  descent  in  the  parametric  form: 

xK  *=  c In  ( I — kT)  -t  cT, 

*«--  i -*n  tT  *£ . ,3) 

- m„(  \ ~ kT). 
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where  * - T - a duration  of  active  section. 

m,t  C 

In  controlled  notion  of  KA  P l\-k  hr-  6P  * f (u|  , where  6P  - 

deviation  of  the  values  of  the  thrust  level  of  engine  from  nominal 
value,  u - steerinq  function. 

The  laws  of  the  controls  in  which  the  control  signals  are 

form/shaped  in  the  fore  ««■*(*..  «„>.  where  \m~x  — xn,  let  us 

call/naee  controls  in  deviations  froa  nominal  trajectory,  while  the 

» 

laws  of  the  controls  which  u = 9[x,  x)  - with  controls  in  absolute 
measured  values. 

An  essential  deficiency/lack  in  the  controls  in  deviations  from 
nominal  trajectory  consists  of  the  need  for  "locking**  to  time  for  the 
formation  of  valuss  X and  V,  ( what  is  the  steady  source  of  errors. 
Furthermore,  during  the  control  process  it  is  required  by  any  form  to 
memorize  the  nominal  phase  trajectory  of  descent,  which  without  the 
presence  on  board  RTsV*  to  fulfill  is  completely  difficult.  Therefore 
we  will  be  restricted  to  the  examination  only  of  control  in  the 
absolute  measured  values. 


Let  the  engine  thrust  be  regulated  in  the  range 
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According  to  equations  (3)  of  the  equation  of  boundary  phase 
trajectories,  the  which  isolate  on  the  phase  plane  the  n "zone 
controllability"  (Fig.  1),  will  be  rewritten  in  the  for. 

jij^c  ln(l  — k/Tj)  + g T), 

X/ ^ - S- in  {\-kjTj)-cT, -ip-.  | (4> 

where  j * 1,  2, 
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Pig.  1. 

Key:  (1).  m/s.  (2)  . Nominal  trajectory.  (3).  Uniting  trajectories  of 
zone  of  control. 


Page  132. 

Let  us  note  immediately  that  the  linear  law  of  control  of  thrust 
level  on  absolute  coordinates  u = a0x  » at  x in  this  case  is 
unacceptable,  since  direct/straight  u = 0 (line  of  changeover)  on  the 
phase  plane  xx  at  any  values  of  paraaeters  a0  a,  in  vicinity  zero  it 

A 

will  cross  the  boandary  phase  trajectories  of  the  zone  of 
controllability  and  compulsorily  it  will  hit  uncontrolled  range  of 
phase  plane. 


noc 


TBOh/'J  10 


p kc.  r. 


*3^ 


On  the  other  hand,  the  i<ic«>s»iT«  coi  p 1 ica  t ion  of  the  for*  of 
steering  function  leads  to  largo  d it  f icult  its  Outing  t ho  technical 
realization  of  this  set  hod  cf  control. 

Therefore  as  the  lino  cf  changeover  u * 0 on  the  phase  plane  xx, 
let  us  select  the  function  of  the  second  order  relative  to  * and  x, 
it  is  most  accurate  in  the  sense  of  smallest  quadratic  deviation  the 
approxisat ing  nominal  phase  trajectory  of  descent.  For  this,  let  us 

oxaairis  t.h#  function 

I [I)  . t5> 

V M 

l.et  us  note  that  , and  *..(/>  - aoaotonically  increasing 

functions  of  paraaeter  T.  It  is  possible  to  show  that  r(T)  - the 
aonot onica  l ly  increasing  function  ot  paraseter  T,  close  to  constant. 


Fro*  second  c e lat  i onsh  i p/rat  lo  (1)  It  follows  that  between  x 
(for  sisplicity  let  us  designate  \4  through  x)  and  the  parameter  T (T 
> 0)  there  exists  one-to-one  correspondence.  Because  of  this  taking 
into  account  relationship/ratio  (4)  function  F (T)  can  be  presented  in 

ths  fora 

:!n 

Let  us  find  the  best  approximation  of  function  p(x)  by  the 
linear  function  J,  (x)  * flL,  ♦ at,  x,  applying  the  method  of  least 

squares,  lifter  selecting  thus  coefficients  a0  and  a,,  let  us  examine 
the  f unct ion 


It  vl  l,  > 
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The  curve  of  u = 0 (line  of  changeover)  on  phase  plane  of  all  the 
curved  second  orlar  in  the  host  way  in  the  sense  of  the  smallest 
quadratic  deviation  approximates  nominal  phase  trajectory. 

Let  us  select  function  (7)  as  manager  and  Mill  examine  the 
linear  lav  of  tha  regulating  values  of  the  engine  thrust: 

/'  />,,  ll\  */’  tU,  <*> 

where  a - the  constant  coefficient  of  intensification. 

Let  us  note  that  in  the  process  of  descent  of  KA  to  planet 
without  the  ataosphere  it  is  possible  to  isolate  two  sections  of 
braking.  On  the  first  section  is  conducted  the  "extinguishing"  of 
rate  of  descent  to  relatively  low  values.  Steering  KA  in  this  stage 
is  reduced  to  the  orientation  of  the  vector  of  brake  aotor  against 
velocity  vector.  With  this  thrust  level  of  enqine  it  remains 
constant.  On  secoid  section  of  landinq/fitting,  exaaine/considered  in 
this  work,  is  rea 1 ize/acccapl ished  the  thrust  vector  control  of 
engine  at  the  signals  of  on-board  aeterinq  equipment.  With  this  mass 
of  KA  by  the  force  of  the  "saallness"  of  rate  of  descent  it  does  not 
virtually  change.  Therefore  in  the  first,  approximation,  for  the  study 
of  the  trajectories  of  controlled  aotion  aass  of  KA  it  is  possible  to 


consider  constant  which  below  is  assumed. 
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Control  of  the  Motion  of  the  center  of  anas  of  KA  along  vertical 
line  taking  into  account  (8)  lot  us  write  in  the  fora 

m 1*0 

After  aaking  in  aquation  (9)  the  replaceaent  a Iter  nat  inq/varia  ble  v » 
**»  V*  * dv/dx  * lit,  »e  will  obtain  linear  differential  first-order 
eguat ion 


where 


Y<>> 
I.’ J 


»<*)«■  ;<>). 

I ‘ 1 * il  * ' Tj. 

, .>  I r«  J '«  \ 

* \ m *■ ) 


(ll>) 


Page  13  3. 


The  solution  of  equation  (10)  will  be  writteu  in  the  fora 


«•  * 1 (i,  » / + (»>»'  ./«). 

where  h f f ( o dt.  r,  » miHl 


(111 


Producing  integration  in  (11),  we  will  obtain  the  equation  of 
phase  trajectory  of  the  Motion  of  the  center  of  aass  of  KA  along 
vertical  during  control  (7) 


•here 


'i'1'  I A,  » t f>.  »•, 

1 r«  sg 


2 - gm 

'«»•  '>  ' ?,  r 

m,t 


(i:o 
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Let  us  examine  the  negative  branch  of  parabola  (121  (x  ,<  0)  , 
that  corresponds  to  descent  of  ka. 


Por  realizing  the  reduction  of  KA,  it  is  necessary,  in  order  to 
Ti  > 0-  The  velocity  of  KA  in  the  process  of  descent  takes  finite 
values;  therefore  y,  * 1 and  yt  * 2.  Selecting  now  the  parameter  y,, 
so  that  phase  trajectory  (12)  taking  into  account  the  initial 
disturbances  woull  not  leave  the  zone  of  controllability , from 
formulas  J3),  let  us  find  parameters  a,  b,  and  b*. 


Thus,  the  parameter  y,  completely  defines  the  type  of  the  phase 
trajectory  of  descent  (12).  The  qualitative  picture,  the  behavior  of 
Dhase  trajectory  in  landing  process  of  image  a in  Fig.  2.  Let  us  note 
that  with  the  decrease  of  height/altitude  phase  trajectory  of  the 
controlled  descent  oscillates  relative  to  tfce  nominal  trajectory  of 
landing/fitting,  approaching  it. 

As  the  measure  of  the  deviation  of  the  phase  trajectory  of 
notion  from  the  nominal,  let  us  examine  the  function 

i(r)  VL*!.*  M*) 

! /V,.  (-0  (jr)  | • 
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where  /<r,,(0  - function  (6),  which  corresponds  to  notion  along  one 

of  the  boundary  phase  trajectories  of  the  zone  of  controllability. 
Function  A(x)  is  convenient  that  besides  the  neasure  of  the  deviation 
of  the  phase  trajectory  of  notion  of  KA  froa  the  noainal  trajectory 
of  landing/f itting  it  characterizes  even  the  degree  of  its 
reeoval/distance  froa  the  appropriate  boundary  phase  trajectories  of 
the  zone  of  controllability. 
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Fig-  2. 

Key:  (1).  n/s.  (2).  Phase  trajectory  of  controlled  descent. 

Page  134. 

So,  when  IMOI<i  the  phase  trajectory  of  descent  in  the  process  of 
entire  control  approxi natel y is  located  in  the  zone  of 
controllability. 

The  torque/aonents  of  the  tine  when  ia<4)i>i,  the  phase  trajectory 
of  descent  emerges  the  zone  of  controllability,  and  further  landing 
process,  in  spite  of  the  presence  of  control  (8),  proceeds  so  that 
softness  condition  of  landing/fitting  cannot  be  carried  out.  The  case 
A (x)  = 1 approximately  corresponds  to  notion  along  one  of  the 
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boundary  phase  trajectories  of  the  zone  of  controllability. 

Plotted  function  A(x)  for  the  phase  trajectory  of  the  controlled 
descent,  to  Pig.  2,  depicts  on  Pig.  3. 

In  the  case  of  the  relay  control  characteristic  of  the  engine 
thrust  froa  control  signal,  the  integration  of  equations  of  lotion 
(1)  leads  to  the  celat  ionship/ratios: 


ic  — JTo  — C III  (I  *0  gt, 


*i>  ) V,  I t 


it)  In 1 1 


it)  4 */|  — 


KI' 

i 


m c-  m„()  kf), 


where  t - current  tiie. 


* — 


I min  U ) _ 

"P*  u>°- 

" WpH  U - 0, 
muc  r 

lainf  "PM  "<°- 


Key:  ( 1)  . with. 

Under  the  relay  law  of  control,  the  regulating  of  the  thrust 
level  of  engine  depends  only  on  the  sign  of  steering  function.  During 
the  control  process,  the  phase  trajectory  of  the  notion  of  the  center 
of  nass  of  KA  along  vertical  oscillates  on  phase  plane  relative  to 
the  function  of  changeover  u * 0. 
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The  qualitative  picture  of  the  behavior  of  the  phase  trajectory 
of  the  controlled  descent  under  the  relay  law  of  the  regulating  of 
the  thrust  level  of  engine  is  depicted  on  Pig.  4.  In  the  vicinity  of 
zero  of  control  signal  u during  delays  in  the  changeover  of  the 
engine  thrust,  appear  the  auto-oscillations.  For  oscillation  danping 
of  the  characteristic  of  a power  change  froa  control  signal  in 
vicinity  u = 0,  one  should  introduce  linear  section.  This  can  be 
realized  with  the  aid  of  law  (8). 
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Pig.  3. 


Page  US. 


Sunning  up  that  presented,  we  come  to  the  conclusion  that 
steering  the  center  of  mass  of  K A nlonq  vertical  line  should  be 

selected  in  thm  fora: 

r - l\  t »/'. 

#/’  j i u 1 |>M%  5,  ',4' 

* Jl,  V'I|||'H  n s!  1. 

whara 

c* 

N — «*  ) •«  * — , * 

4i  •*  f'»  — /'min* 

4j  “ /Vn»  “ 

j - const, 

f - is  constant,  that  determines  the  site  ot  linear  ton#. 
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The  propose!  method  of  control  (14)  of  the  notion  of  the  center 
of  mass  |(A  along  vertical  line  permits  implement  ion  of  a soft  landing 
on  the  surface  of  planet  without  the  ataospher*.  The  law  of  the 
regulating  of  magnitude  of  vector  of  the  thrust/rod  of  brake  motor  is 
fora/shaped  directly  from  readings  of  on-board  metering  equipment  and 
its  technical  realization  is  sufficiently  simple.  The  parameters  of 
the  phase  trajectory  of  motion  in  the  process  of  descent  do  not 
emerge  the  zone  of  controllability  and  approach  their  nominal  values. 


rig.  4. 


Key:  (1).  m/s.  (2).  Phase  trajectory  of  controlled  descent. 


deceived  1 9/V  1972. 
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Page  136. 

AUTOMATIC  DEVICE  E OR  MEASURING  THE  FORCE  OF  ADHESION  OF  CONTACTING 
HEATED  SOLIDS  AT  LOU  PRESSURES. 

A.  N.  Petunin,  A.  L.  Stasenko. 

Are  described  construction  and  the  operating  principle  of 
instrument  for  neasuring  the  noraal  force  of  interaction  of  heated 
solid  bodies,  which  are  periodically  contacted  at  the  low  anbient 
pressures.  Ace  given  results  of  the  tests  of  instrument,  and  also 
some  preliminary  measurement  data. 


I 


The  emergence  of  cohesive  forces  (or  adhesion)  between  contacted 


solid  bodies  under  normal  conditions  is  noted  long  [1].  Kith  an 
increase  in  the  temperature  of  bodies  and  a decrease  of  the  anbient 
pressure  (conditions,  characteristic  for  some  elements  of  airframe 
structure)  surface  interaction  of  the  contacting  bodies  strongly  is 
promote/activated.  In  monograph  [2]  are  given  the  results  of  the 
systematic  studies  of  friction  and  cohesion/coupling  at  low  absolute 
pressures.  Is  widely  known  the  diffusion  welding  of  strongly  heated 


i 
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solid  bodies  in  the  vacuua  when  the  tine  of  process  is  sufficient  so 
that  the  average  depth  of  diffusion  would  achieve  many  atoaic  layers. 
In  works  [3]  and  |4]  it  is  described  a series  of  the  settings, 
intended  for  the  study  of  forces  of  periphery  of  interaction  of  the 
contacted  bodies  under  quasi-staticnary  conditions. 

In  a series  of  the  cases,  it  is  necessary  to  know  tha  force  of 
surface  interaction  of  heated  solid  bodies,  which  are  contacted  in 
vacuua  during  short  tiae  [5,  6].  This  unsteady  process  can  be 
siaulated  by  contact  under  the  action  of  the  nornal  coapressive  force 
of  P of  two  bodies,  heated  until  tenperature  T and  aaintain/withstood 
in  the  state  of  contact  for  a period  of  tiae  t.  It  is  necessary  to 
determine  force  P(P,  T,  tr  ...),  necessary  for  the  dissociation  of 
these  bodies  through  time  t,  which  depends  cn  the  paraaeters 
indicated  and,  possibly,  cn  some  others  (for  example,  surface 
condition  and  nature  of  the  contacted  bodies,  ambient  pressure  p and 
so  forth).  Let  us  note  that  during  the  arbitrarily 

assigned/prescribed  set  of  the  values  of  arguments  it  is  previously 
difficult  to  evaluate  even  the  order  of  this  magnitude.  Por  the 
experimental  investigation  cf  the  functional  dependence  indicated 
developed  multipla-contact  prograamed  autoaatic  device  (PAn). 

Construction  and  the  operating  principle  of  device.  PAN  consists 
of  nine  identical  contact  pairs  (Fig.  1).  The  diagram  of  one  contact 
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pair  is  depicted  an  Fig.  2.  The  arranged/located  froa  above  movable 
disk  A with  the  aid  of  leaf  spring  B is  pressed  against  cylinder  C, 
equipped  with  the  tungsten  preheater  of  direct  current.  The  tine  of 
pressing  t and  force  P are  determined  by  the  fora  of  caa/catch/ jaw  E. 
The  latter  is  given  in  rotation  by  the  electric  motor,  working  during 
entire  experiment,  that  allows  repeatedly  (virtually  any 
assigned/prescribed  number  once)  to  realize/accoaplish  a process  of 
contact  interaction  vapor. 

Page  137. 

The  movable  disks  A have  the  small  thickness  a * 0.5  aa,  thanks  to 

which  after  pressing  against  cylinders  they  rapidly  accept  their 
temperature.  Estiaation  of  the  characteristic  wara-up  tiae  of  disk  r 
= pca*/X  gives  0.003-0.05  S (p,  c,  X - ther aophysical 
characteristics  of  its  substance).  The  mobile  disks  are 
isolate/insulated  froa  springs  with  the  aid  of  the  alundua  bushings 
which  with  gaps  are  establish/installed  on  the  ends  of  the  springs. 
Gap  provides  plane-parallel  surface  contact  of  contacts.  After  time 
of  the  pressing,  greatest  for  all  pairs,  begins  to  rotate  framework 
J,  which  stretches  the  measuring  helical  spring,  connected  with  disk 
A.  The  angle  of  rotation  of  the  framework  with  value  of  which  is 
unaabiguously  connected  the  force,  developed  with  helical  spring,  is 
measured  with  the  aid  of  rheostat  K.  At  certain  value  of  this  angle 
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(at  the  moment  of  equality  of  the  tensile  stress  of  spring  and  force 
of  interaction  of  contacts)  the  disk  blows  away  fros  cylinder  and  is 
recorded  the  torque/moment  of  the  disconnection/cutoff  of 
voltaqe/stress  from  the  corresponding  terminals  of  electrical 
circuit. 

\ 

1 

The  phases  of  the  rotation  of  caas  are  selected  that,  in  order 
to  the  ends  of  all  intervals  of  the  time  of  the  contact  of  contact 
pairs  *L  {i.  ^ 9 - nuaber  vapors)  coincided  with  the  beginning  of  the 
elongation  of  springs,  which  wakes  it  possible  to  exclude  "dead 
time",  during  which  the  disks,  "which  fixed"  with  cylinders,  would  be 
contacted  after  the  eliaination  of  load. 

Thus,  values  Pj  and  for  each  pair  are  rigidly 

assign/prescribed  by  the  construction  of  instruaent  and  by  the 
average  on  cycle  speed  of  rotation  of  electric  aotor  w;  the  values  of 
teaperatures  fL  are  assigned  by  position  the  rheostat  of  the  circuit 
of  heater  and  are  measured  by  ther aocouples.  The  signals,  which 
correspond  to  values  e’ /'/'  ,dre  recorded  directly  by  experimenter  or 
are  transaitted  by  electrical  systen  and  are  recoru/wr itte n by 
autoaatic  instruments. 

Basic  the  data  of  the  devices:  mass  - 3 kg,  dimensions  * 0.36  x 
0.13  x 0.13  m,  the  supply  of  the  heaters  of  electric  motor  27V, 


DOC  = 78067911 


PAGE  3Xt< 


1 A , the  time  of  one  operating  cycle  -12  s,  the  pressing  force  7-18  H, 
the  tiae  of  pressing  -0.8-6. 6 s,  the  teaperature  of  contact  pair  - 
300-1000  K , the  aaount  of  the  aeasured  forces  of  interaction  - 0-0.3 
H.  Conditions  of  the  noraal  operation:  teaperature  froa  -30  to 
♦150°O,  pressure  - 1. 3«  10*-  1. 3« 10~ * Pa,  linear  acceleration  to  25  g 
during  0.1  s. 

Errors  of  aeasureaent.  The  stability  of  the  characteristics  of 
aeasuring  springs  was  deter ained  by  their  repeated  calibrations  in 
process  of  which  was  establish/installed  the  linearity  of  response 
and  was  estiaated  a root-aean-square  error  of  aeasureaent  in  the 
cohesive  force  of  contacts.  It  is  equal  to  v 3^.  a relative 
root-aean-square  error  of  aeasureaent  of  teaperature  does  not  exceed 

i"T  = ± 5% 

As  show  the  results  of  the  repeatedly  repeated  aeasureaents  of 
the  cohesive  force  of  certain  selected  contact  pair  during  the 
constant/invariable  conditions/aode  of  experiaent,  the  randoa  error 
in  deteraining  F does  not  exceed  v=±  20-30o/o.  During  a change  in 
the  conditions/aode,  the  spread  of  the  aeasured  force  of  interaction 
grow/rises.  This  spread  is  connected,  hcvever,  not  with  the 
characteristics  of  instruaent,  but  with  the  instability  of  the 
aeasured  value  (nonrecurrence  of  the  consecutive  contacts  of 
contacts,  the  uncontrollable  changes  in  their  surfaces  after  each 
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contact  and  other  randoa  phenoaana,  connected  with  quite  contact 
surface)  . 


Laboratory  tests.  PAU  was  placed  so  that  the  contact  syste 
Mas  in  gaseous  aediua  with  the  assigned/prescribed  pressure,  and 


drive  - under  rooi  conditions.  (Por  the  vork  of  instruaent  in  real 


flight  experiment  for  drive  is  provided  for  the  airtight 


caaer a/chaaber  vith  the  conditions,  close  to  noraal) . At  different 


teaperatures  of  the  contact  pairs  Mhose  values  were 


establ lsh/installed  by  a stepped  variation  in  the  supply  voltage  of 


the  heaters  of  cylinders,  to  tiae  tt  * 60  s,  was  included  the  drive 


of  device,  also,  on  electronic  potenticaeter  and  oscillograph  were 
record/written  teaperatures  and  the  forces  of  interaction.  The  tiae 
of  oubput/yield  to  new  teaperature  conditions  after  a change  in  the 
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stress  of  preheaters  comprised  t2  = 600  s.  At  constant  teaperature  of 
contact  pair,  were  realize/accoapl ished  five  contacts,  the 
qualitative  picture  of  a change  in  the  teaperature  of  dish  and 
cylinder  in  the  process  of  one  series  of  closing  of  contacts  is  given 
to  Pig.  3.  Before  each  new  set  of  experiments,  were  carried  out  the 
control  calibrations  of  springs,  the  dressing  of  contact  surfaces  by 
rouge  sandpaper  and  flushing  by  alcohol  or  carbon  tetrachloride. 

For  estiaating  the  operating  ranges  of  a change  in  the  recorded 
paraaeters  (Pig.  4)  were  carried  out  laboratory  investigations  with 
copper  and  steel  contact  vapors. 

The  results  of  measurements  are  represented  in  the  fora  of  the 
dependence  of  diaensionless  quantity  ♦ = P/e  fron  reverse/inverse 
temperature  103/T,  where  T - in  the  Kelvigs.  It  is 

establish/installad  that  interaction  of  steel  surfaces  is  detected  at 
temperatures,  by  approximately  400  K greater  than  interaction  of 
copper. 

The  results  of  the  systematic  tests  of  tvo  specimen /samples  of 
the  device,  equipped  only  with  copper  contact  vapors,  with  p » 
1.3*10~3  Pa  are  given  to  Pig.  5 and  6.  Here  each  point  is  the  aean 
arithaetical  value  for  five  consecutive  aeasureaents  of  force  of 

interaction  of  each  contact  pair;  for  one  apeciaen/saapie  of  PAU  t = 
0.8-3. '5  s,  for  another  t * 0.8-6. 6 a. 
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pig.  3. 


Key:  (3) 


. steel.  (2).  copper. 
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Page  139. 

Foe  explaining  the  effect  of  composition  and  pressure  the 
ambient  gas  nediun  on  the  process  of  power  interaction  of  contact 
pairs,  were  carried  out  aeasureaents  F in  the  atmosphere  of  air  (p  » 
1.3*10~3  Pa)  and  of  argon  (p  m>  1.  3*10"3-1.  3-10*  Pa).  Nith  an  increase 
in  the  pressure  argon  of  interacting,  forces  decrease,  although  they 
remain  measured  even  with  p .e  1.3*10*  Pa.  At  lew  pressures  (p  j* 

1. 3*10~3  Pa)  the  composition  of  residual  gas  (air  or  argon)  barely 
affects  value  F. 

The  given  results  confirm  efficiency  under  the  high-altitude 
conditions  of  described  a device  which  makes  it  possible  for 
comparatively  short  time  to  obtain  vast  information  about  the  amount 
of  the  normal  force  of  interaction  of  contacted  solid  bodies  in  wide 
parametric  domain,  which  characterize  the  process  of  contact. 
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DIR  IV  AT  ION  or  THE  EQUATIONS  OF  THE  METHOD  Or  rORCES  FOR  A PLATE 
REINFORCED  BY  A BEAN  ON  THE  BASIS  OF  CAST IGl IAiO'S  VARIATION 
PRINCIPLE. 

Yu.  F.  Yareachuk. 

For  the  elastic  systea,  which  consists  of  iaaina  and  beau, 
without  the  account  of  the  voltage/stresses  of  transverse 
shift/shear,  with  the  aid  ot  the  functional  of  Reissner  is  obtained 
the  coaplete  systea  of  equations  of  equilibriua  and  boundary 
conditions  which  together  with  the  condition  of  the  extreaality  of 
the  functional  of  internal  energy  of  systea  correspond  to 
Castig liano' s principle,  i.e.,  they  coincide  with  the  equations  of 
the  so>called  aethod  of  forces. 

For  the  elastic  construction,  which  consists  of  plate  and  the 
tanks  <see  figure),  under  the  assuaption  that  the  sagging/deflections 
are  saall  in  coaparison  with  thickness  of  plate,  the  functional  of 
coaplete  potential  energy  it  takes  the  fora 
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respectively  by 


fh cough  s the  nartedly  positive  direction  of  the  circuit/bypass  of 
duct/contour. 

Page  141. 


To  the  point  of  intersection  of  boundary 
it  corresponds  one  of  values  ,,  So  that  the 
(1)  Mould  correspond  to  real  state  of  strain 
question  in  the  assigned/prescribed  external 
y)  . the  continuously  differentiated  function 
nust  satisfy  on  the  parts  of  boundary  i',  and 
conditions: 


froa  the  straight  line 
extreaua  of  functional 
of  the  construction  in 
loads  p(()  and  to  q (x, 
of  iastrunsnt  v(x,  y) 
it  the  boundary 


t 


Key : 

(3). 


(1) 

t hey 


<*«• 


• . .1  n | , 
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,lr,  ^ 
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I',,  ,i  rooT»cicm> mi  < nfiOo  iihimv  k |>»h< 

(stopping  up) . (2).  (support ) . 
correspond  to  free  edge. 


on 


DOC  * 78067911 


PAGB  3S5" 


In  expressions  (1)  and  (2)  n - external  standard  to  duct/contour 
C D (x,  y)  - the  flexural  rigidity  of  plate,  EI(C)  and 
hardness  of  bean  for  curvature  and  twisting,  •>  - Poisson  ratio. 


The  ainiaus  of  functional  (1)  and  the  state  of  strain  of  the 
systea  in  question  can  be  appr oxiaately  determined  with  the  aid  of 
Ritz's  aet hod  in  the  class  cf  functions  v,  which  satisfy  conditions 
(2)  [1-3].  This  approach  can  be  considered  as  application/use  of  a 
aethod  of  displace aent/aove nents  to  the  solution  of  probleas  for 
plates. 


In  order  to  foraulate  the  variaticnal  problea  with  unknown 
internal  power  factors,  which  corresponds  tc  the  so-called  aethod  of 
forces,  let  us  usa  to  functional  (1)  the  transforaation  of  Friedrichs 
[1,  3].  In  the  case  in  question  it  expresses  the  known  conditions  of 
the  consistency  of  strains,  which  relate  the  characteristics  that 
deforaed  and  stressed  of  the  states  cf  construction  [2]: 
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He re  '<v  and  '•>>  - bending  and  that  turn  aoaents  in  plate,  8 and 

Wvr  • beading  and  torsional  aoaents  in  beaa. 


He  will  use  aethod  of  Lagrange's  factors.  Multiplying  equations 
(3)  and  (2)  to  the  factors  of  Lagrange  />,  and  »/.  let  us  integrate 
then  with  respect  to  region  0 and  boundary  r.  y,  where  equations 

(3)  and  (2)  are  assign/prescribed.  Store/adding  up  the  obtained 
expressions  with  functional  (1),  in  which  the  derivatives  w are 
replaced  by  their  expressions  fron  (3),  we  will  obtain  the  functional 
which  sonetines  they  are  related  to  the  name  Reissner  [4-6  ]: 
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Por  the  unknown  stress-strain  state  of  structure,  functional  (4| 
takes  steady-stat 9 value  ( 6 B =0),  since  for  this  state  functional 
(1)  also  takes  staady-state  value,  and  the  coefficients  when  and 

h turn  into  aero  on  the  basis  of  conditions  (2)  and  (3): 
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Th»  cequireaent  of  oguality  zero  coefficients  of  variations 
*'*'  and  leads  to  satisfaction  of  the  conditions  of  the 

consistency  of  strains  (1)  and  of  boundary  conditions  (2). 

Repressions  vith  variations  »H,  give  conditions  for  deteraining 
factors  m* 

l*i  2'M,;  |>i  - 2. Wv;  mj tMrr;  | 

C.  - -’  M.  M,  I (,,) 

Integrating  in  parts  expressions  in  (5),  the  containing 
derivatives  of  variation  6w,  vith  the  ail  of  Ga uss-ost rogc adsi iy • s 


for  mil  a 
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[here  index  "1"  with  J »**4ns  that  the  integration  is  conducted  by 
circuit/bypass  \ to  the  right,  if  ««  iov«  to  the  side  of  increase  € 
(see  figure),  "2"  - respectively  tc  the  left],  taking  into  account 
(6),  introducinq  designations  [ 2 ] : 
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and  accumulating  In  ( *>)  similar  terms  with  variations  6w  and  it 
derivatives,  me  will  obtain 
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(here  Indices  and  m 2"  again  mean  that  the  values  are  taken  to  the 

right  and  to  the  left  of  bean;  r,  - the  pcint  of  Intersection  of 
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Page  143. 


Equalizing  xnco  expressions  with  variations,  v«  will  obtain  the 
values  of  factors  *i.  which  rapreaent  by  theaaelves  the  doubled 
values  of  bearing  reactions  and  stopping  up: 
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Furthernore,  we  will  obtain  the  conditions  by  which  they  nust 
satisfy  ,w.  and  which  represent  by  themselves  the  Known  equations  of 
equilibriun  and  the  natural  boundary  conditions: 
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To  such,  by  form,  the  requirenent  of  the  stability  of  the 
functional  of  Reissner  qives  the  conditions  of  the  consistency  of 
strains,  equation  of  equilibrium  and  boundary  conditions,  i.e.,  it 
corresponds  to  tha  solution  of  the  probles  cf  determining  the 
stress-strain  state  of  construction  [4]  being  investigated. 

The  physical  sense  of  the  members  of  functional  (4),  that 
contain  factors  iv  consists  of  following,  let  us  visualize 
"everywhere  cut"  on  structure,  then  in  view  (6)  term  in  question 
values  are  propoctional  to  the  work  of  voltage/stresses,  it  is 
compulsory  not  satisfying  the  conditions  of  equilibrius,  during  the 
displacement/movements,  which  arose  as  a result  of  the  disturbance  of 
the  conditions  of  the  consistency  of  strains. 

If  we  require  so  that  functional  (4)  it  would  reach  extresum 
under  supplementary  conditions  (3)  and  (2),  then  we  come  to  the 
initial  task  of  finding  the  extremum  of  functional  (1)  and  obtain  the 
virtual  work  principle;  among  the  possible  states  of  strain  of 
constr action,  which  satisfy  the  condition  of  the  consistency  of 
strains  (3)  and  qeoaetric  boundary  conditions  (2),  the  state  of 
strain,  which  satisfies  the  conditions  of  equilibrium  (9), 
supply/delivers  to  functional  (1)  steady-state  value. 


If  we  as  preliminary  conditions  during  finding  of  extremum  (4) 
require  satisfaction  of  conditions  (8)  , then,  substituting  (6)-(8)  in 
(4),  after  sone  transformations  we  come  to  task  - to  find  the 
extremum  of  the  functional 


u 


, , b ■ |M*  + M\  - 2<Afx  My  + 2 (I  + v)  m\v\  4 


(«>) 


under  additional  conditions  (8)  - and  obtain  Castiglianos* s 
principle:  among  the  possible  stressed  states  of  construction,  which 
satisfy  the  conditions  of  equilibrium  (8),  the  stressed  state,  which 
satisfies  the  conditions  of  the  consistency  of  strains  (3)  and  (2)  , 
supply/del iwers  3teady-state  value  to  functional  (9). 


Thus,  the  functional  of  Reissner  {4)  makes  it  possible  to  obtain 
the  basic  of  the  aquation  for  both  principles  of  structural  mechanics 
and  theory  of  elasticity.  Furthermore,  functional  R can  be  used  for 
the  approximate  determination  of  the  stress-strain  stats,  if  we  in  it 
substitute  values  ts  asd  %,  from  (6)  and  (7).  In  this  case,  is 
required  the  satisfaction  of  no  conditions,  except  the  condition  of 


J 


i 
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differentiability  w(x,  y)  . 

In  comparison  with  the  Method  of  single  force  and  the  purely 
physical  approach,  with  which  are  presented  sore  stringent 
requirenents  for  the  idealization  of  construction  and  it  is  necessary 
to  construct  the  "self-balanced"  systems  (what  is  difficult  task), 
the  formulated  in  expressions  (8),  (9)  analytical  approach  to  the 

■ethod  of  forces  Bakes  it  possible  to  wore  effective  find  the  classes 
of  the  functions,  which  satisfy  unifors  ( p = q = 0)  systew  (8)  * for 
sufficiently  complex  constr uct ions. 
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RATIONAL  DISTRIBUTION  OF  RIBS  IN  A NCNOCOQUK  WING, 


V.  N.  Seienov. 


Is  given  the  solution  of  the  problea  of  the  rational  nuaber  of 
ribs  and  their  opt iaua  weight  span  distribution  caisson 
high-aspect-ratio  wing  with  the  observance  of  the  stability  condition 
of  the  coapressed  panels.  Are  given  the  results  of  calculation. 

The  optimization  of  the  load-carrying  structure  of  aircraft  is 
conducted  in  essence  in  two  directions:  the  optiaization  of 
structural  cell/el eaents  frca  the  point  of  local  strength  and  the 
optiaization  of  the  structural  load-bearing  diaqraa  froa  the  position 
of  coaaon/general /tot a 1 strength  and  aeroelasticity . It  is  logical 
that  the  possibilities,  discovered  by  the  optiaization  of  the 
structural  load-baaring  diagraa,  can  be  realized  in  that  case,  if 
they  do  not  contradict  the  requirements  of  local  strength  and,  in 
particular,  to  the  requirements  of  the  stability  of  the  compressed 
panels. 

In  this  article  is  proposed  one  of  the  possible  methods  of  the 


| 

5 


r*  ' 


DOC 


78067912 


PAGE 


3^ 


optimization  of  the  construction  of  caisson  siaultaneously  according 
to  tha  conditions  of  coaaon/qenera 1/total  strength  and  tha  stability 
conditions  of  the  compressed  panels. 

Let  us  examine  the  compressed  panel  of  the  section  of  the 
aonocoque  wing,  included  between  ribs  k,  k ♦ 1 (Pig.  1),  which  has 
the  paraasters:  - length  of  the  panel  of  section  (space  of  ribs)  ; 

B ( z)  - tha  width  of  caisson;  b(z)  - wing  chord;  c(z)  - wing  chord 
ratio;  a - distance  ratio  between  the  center  of  gravity  of  upper  and 
lower  panels  to  the  aaximua  altitude  of  wing  in  this  section.  The 
flow  of  noraal  stresses  in  section  z let  us  determine  according  to 
the  formula 


(*) 


"p  Af„,r  (*) 


r P (*)*  (*)«/*• 


«r  (*)  fl  (/)  h (,l  ‘ •>«  (*)  P (z)  h (,) 

where  - calculated  overload,  />p  (/)  - calculated  distributed  load,  L 

- value  of  seairange. 
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Pig.  1. 


Page  146. 


The  effect  of  the  torsional  icaent  for  a direct/straight 
aonocoque  wing  less  substantially  and  here  is  not  exaained.  The 
estimation  of  maximum,  i.e. , critical,  the  stress  level  overall  loss 
of  stability  for  the  assigned/prescribed  characteristics  of  material, 
airfoil/profile  of  panel  and  loading  conditions  is  obtained  on  the 
formula  of  Shenli  [1]  [formula  (2.15)],  presented  in  the  fora 


where  - factor  of  the  fora  of  panel,  t,  ~ tangential  modulus  of 

elasticity,  m - Poisson  ratio  c - the  coefficient  of  elasticity  of 
sealing  off  of  the  panel  which  is  located  experimentally  and  for  real 
panels  is  equal  to  1.5-2. 0. 


Accordingly  (2)  the  level  of  allowable  voltages  is  limited  by 
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the  value  of  the  breaking  stresses  of  loss  cf  stability  %,  and 
depends,  on  the  parameter  of  the  intensity/strength  of  panel  ( v 


In  the  end  rone  of  wing,  according  to  foraula  (1)  , the  flow  of 
noraal  stresses  substantially  decreases;  therefore  for  obtaining  more 
high  voltages,  it  is  necessary  to  decrease  the  value  in  this 

case,  is  equalized  the  stress  level  in  panels  along  wing.  On  the 
other  hand,  the  dacrease  of  the  space  of  rits  leads  to  an  increase  in 
their  quantity  and,  therefore,  the  weight.  It  is  assuned  that  the 
weight  of  longerons  and  cel  1/e leae nts  of  wing  out  of  caisson  reaains 
constant;  therefore  the  process  of  optinization  is  reduced  to  the 
detera inat ion  of  the  nuaber  of  ribs  and  this  span  distribution  by 
which  the  total  weight  of  longitudinal  and  lateral  power  assembly 
takes  lininun  value. 


The  given  thickness  of  panel  »„P  is  defined  as 


, (/)  **  (,r)  , 


where  /•„  - the  cross-sectional  area  of  panel,  connected  with 

i,pi  rt  and  the  following  system  of  transcendental  equations: 


* 'Wn.ir  (/)  1 


I O-l*3) u)  «(*)  *(/) 

di  (*)  |/:,(/)r  3 I*,,  {/)|J'3; 

. 7 (•)  "p  ’^iur (•)  | | 

JkP  (J>)  .(  (*)£(/)*(,)  *«,,  (/)  “ (Z'j,.pU)  ’ 


1 r.k'V 


a,  uv(r)  |J,  «kp(/)p 
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where  y„  - the  i3ient  of  the  inertia  of  panel,  «.  - ultimate 

strength,  E - modulus  of  elasticity. 

The  first  equation  of  system  (4)  is  obtained  via  the 
substitution  of  formula  (1)  into  formula  (2);  the  second  follows  from 
the  detera ination  of  the  flow  of  stresses  </^  which  is  solved 

relatively  5 and  into  which  is  substituted  expression  q(z)  from 
formula  (1);  the  third  corresponds  to  the  determination  of  the  factor 
of  the  form  of  pa.iel.  The  last/latter  equation  of  system  is 
undertaken  from  work  [2]  [ formula  (13)  },  where  a change  of  the 
modulus  of  elasticity  in  the  zone  of  nonlinear  strains  is 
assign/prescribed  by  empirical  dependence.  Vhen  aM,  a‘  (in  elastic 
zone)  e,  =E 

To  the  paranaters  of  system  (4)  is  superimposed  a series  of  the 
limitations: 


^np  fimin 


(5) 
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(structural/design  limitation,  caused  by  technological  anl  operating 
requireaen ts) ; 


0.288  , 


^nui 


(6) 


(limitation  to  the  factor  of  the  form  of  panel;  value  *,,  = 0.288 
corresponds  to  smooth  skin,  *,„.,  is  determined  by  the  radii  of  inertia 
of  real  panels)  ; 


a 


0) 


(limitation  to  the  effective  stresses  j,.  which  must  not  exceed 
permissible  normal  stresses  j4„„  and  the  persissible  breaking  stresses 
£ - safety  factor  in  the  criterion  of  overall  stability). 


Page  147. 

System  of  equations  (4)  for  different  sections  of  wing  is  solved 
differently.  The  common/general/total  tendency  of  the  optimization  of 
caisson  from  the  point  of  ccmmon/general/total  and  local  strength  is 
expressed  in  the  tendency  tc  build  up  effective  stresses  of  up  to  the 
level  of  permissible  normal  stresses  with  of  conditions  of  the 
sufficient  high  level  breaking  stresses  of  loss  of  stability: 


^luni 
5mp  ' ( I 4- 


l»> 

0>> 


^lll» 

3j»on 

\n 

(ii) 

*p  M = 

°JOM 

-4|  (/)  /’ f (i|on) 

(12) 

Value  *p  is  calculated  for  . 

a check  of 

the  execution  of 

limitation  (6)  and  gives  information  about  the  required  for™  of  the 
airfoil/profile  of  panel. 


< 


In  end  sections  the  breaking  stresses  will  be  less  than 
permissible,  and  system  (4)  is  permitted  relatively  »np  with  the  aid 
of  the  iterative  formula 


INtp  (^)l/ 


■1,  (/) 

Mi  <»np/  , ’ 


satisfaction  of  the  condition 


in  the  region 


| '4'-'  I f ^ rip)  1 1,1  Y _ _ .-l2  I ('‘up)  \ 

l <«l  fP  'I  H |-r(»np)|,i| 


(in) 


<H) 


K V o.2?.„: 


(15) 
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provides  the  convergence  of  iterative  process.  (Indices  have  the 
value;  "0*  - the  initial  value  of  the  parameter,  j - a number  of 
iteration,  * - maximum  deviation  of  the  parameter  from  original 
value)  . 


In  each  space  of  iteration  on  (*)  is  included  the  iterative  loop 
for  the  correction  of  values  »»P  and  n,  on  the  formula,  which  ensues 
from  expressions  (4): 


hp  I ’k|I  j I - ’k)>  / - | )■  1 1 \ 


The  corresponding  to  value  oK|,  value  eu  is  utilized  in  iteration  j ♦ 
1 on  formula  (13)  as  constant. 


Por  the  constant  within  the  limits  of  section  values  of  the 
parameters  an i n,,p  the  panel  is  calculated  from  condition 

,J*nn 

a in  tail  piece  of  the  section  and  according  to  condition  3Kp  , ^ ( ^ 5) 
ip  the  center  of  section.  The  found  thus  thickness  of  the  panel 
»np/  of  section  i,  which  satisfies  both  limitations,  it  is  utilized 
for  its  determination  weighing: 


c/  - (.9 •,  (i  + ; . N»'  f-v)  V ,np ( iH , R‘  y?'+« 

/vc  l,n /-  i * 


Here  0/  the  weight  of  panels  and  ribs  at  the  j space  of  calculation; 
C - statistical  coefficient,  which  evaluates  the  weight  of  ribs  with 
respect  to  the  weight  of  panels  of  the  number  of  ribs  av. 
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varied  nuaber  of  ribs;  </„„  - initial  weight  of  paaels;  , 
weight  of  panels  st  the  previous  space  of  calculation;  jr  - the 
speci flc  gra vi t y/we ig h t of  material. 

The  ratio  of  the  weight  of  the  panels,  tensile,  to  the  weight  of 
the  panels,  compression,  is  accepted  equal  to  0.9  according  to 
recoaaendations  [2]. 

The  first  stage  of  the  optimization  of  construction  represents 
by  itself  the  fast  of  integral  programming  for  number  determination 
of  ribs.  On  the  bisis  of  formulas  f4)  — ( 17)  is  coaprised  the  progran 
in  language  PORTRkN,  and  to  hesm-6  are  produced  the  calculations  of 
the  minimum  structural  weight  during  the  even  distribution  of  ribs 
according  to  the  wingspan. 

Page  148. 

In  the  second  stage  of  search,  was  placed  the  task  of  finding 
the  optimum  for  waiqht  design  parameters  with  the  variable  space  of 
ribs  at  their  f ixad/recorded  number.  Let  us  present  purposeful 
weighing  function  as  sum  of  the  weights  of  the  separate  sections: 

.V 

I I 

where  N - the  nuibet  of  sections,  which  coincides  with  the  nun  her  of 
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ribs  />  - the  parameters  on  which  depends  the  weight  of  section  - 

load,  geoaetrlc  dimensions  so  forth: 

/*,.  Pt. ...  “ Af„,r  (/),  b (/).  7(.r), ... 


The  optimization  of  weight  is  conducted  consecutively  for  different 
pairs  of  adjacent  sections.  The  algorithm  of  optimization  is 
comprised  on  the  basis  of  gauss  - Zaydel*s  method  [3],  Let  us  isolate 
two  adjacent  sections  (see  1 in  Pig.  2)  from  their 
coamoa/geaeral/tot al  seguence  (18) : 

k-2  JV 

y i/.- (/*„ /H)i  - it- </*,.  ui*_i4  if(/y  mu+v  X <l9> 

During  one  passage  on  the  wingspan,  it  is  considered  that  a variation 
in  the  position  of  rib  k within  the  limits  of  the  pair  of  sections 
t*  i.  * Ml.  changes  only  the  value  of  the  first  two  terms  of  expansion 
(19).  Complete  sorting  the  possible  positions  of  rib  k showed  that 
the  dependence  of  the  weight  of  the  pair  of  adjacent  sections  on  the 
position  of  rib  nas  one  strict  minimum;  therefore  the  optimum 
position  of  rib  k*  is  located  by  the  method  of  steepest  descent. 
Position  k*  let  us  fix  as  next  approach/approximation  to  the  optimum 
position  of  k*l.  Purther  we  pass  to  the  following  pair  of  sections 
(II)  with  a variation  in  rib  k- 1 within  liaits  <*_2.  and  find  its 
local  optimum:  (k- 1)  *.  To  sorting  we  subject  consecutively  all  the 
pairs  of  sections,  in  this  case,  are  possible  two  issues: 
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1)  all  ribs  preserved  their  position,  i.e. , initial  distribution 
was  optinun; 


2)  at  least  one  rib  occupied  the  new  position  that  it  led  to  a 
reduction  in  the  weight: 

V N 

V |#--,/V.  V | /•  (/■,  /„)), 

1 — 1 I rwl 

The  obtained  distribution  i'ml  is  utilized  as  initial  for  the 
following  space  of  optimization. 

The  process  of  iterations  is  repeated  to  the  convergence,  by 

which 


where  £ - low  value,  determined  by  the  accuracy/precision  of 


calculation. 
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The  finally  obtained  distribution  /’*,  is  considered  optiiun.  For 
the  investigation  of  a guestion  concerning  that,  is  the  obtained 
solution  the  global  or  local  minimus  of  weight,  was  carried  out 
calculated  experiient.  The  problem  of  finding  the  optiaua 
distribution  of  the  assigned/prescribed  number  of  ribs  according  to 


spread/scope  was  solved  several  tines,  moreover  as  the  initial 
distribution  of  ribs,  besides  unifora,  consecutively  were  taken 
distributions  with  the  increase  in  the  nuaber  of  ribs  in  root, 
central  and  wing  tip,  furthermore,  was  varied  the  way  of  search.  The 
final  distribution  of  ribs  in  all  cases  coincided  and  gave  one  and 
the  saae  value  of  weighing  function.  Even  saall  deviations  any  of  the 
ribs  froa  their  optiaun  position  increased  weight.  Thus,  on  the  basis 
of  the  results  of  calculated  experiment  it  was  shown,  that  the 
comprised  algoritha  led  to  optimum  solution,  aoreover  to  solution 
only.  This  aakes  it  possible  to  draw  the  conclusion  that  within  the 
fraaework  of  the  assumptions  accepted  and  limitations  the  obtained 
distribution  of  ribs  realizes  the  global  optiaun  of  the  weight  of 
caisson. 

Hhen  conducting  of  calculations,  it  turned  out  that  the  number 
of  ribs  by  which  the  construction  from  unifcra  by  their  distribution 
has  a minimum  of  weight,  coincides  with  the  nuaber  of  ribs  which 
provides  the  miniiua  of  the  structural  weight  with  their  variable 
space  on  spread/scope.  This  fact  aakes  it  possible  to  reduce  the 
process  of  the  determination  of  optiaun  construction. 

Figures  3 shows  a change  in  the  weighing  function  with  different 
nuaber  evenly  to  (iHi » const)  and  is  optiaal  (iH , -=  opi  v«o  the  distributed 
on  spread/ecope  ribs.  It  is  evident  that  there  is  range  of  rational 
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(close  to  optiaua)  on  the  criterion  of  the  weight  of  the  nuiber  of 
ribs.  In  Pig.  4-7  in  the  sane  designations,  is  illustrated  the 
obtained  gain  in  weight  during  the  redistribution  of  ribs  in  the 
cases  of  their  insufficient,  optiaua  and  abundant  nuaber. 


Proa  physical  5 it  is  evident  that  as  a result  of  snail  flows  of 
nornal  stresses  (1),  and  also  of  the  action  of  structural/design 
liaitations  (5)  in  all  cases  the  breaking  stresses  in  end  zone 
considerably  exceed  those  act,  and  therefore  the  space  of  ribs  in 
this  zone  can  be  increased,  that  it  will  not  lead  to  the  loss  of 
stability  of  construction. 


An  increase  in  the  space  of  ribs  is  expedient  also  in  the  zone 
of  the  root  section  when  a,p>’,„„  (see  Pig.  5).  The  decrease  of  the 
space  of  ribs  is  conducted  in  the  zones  where  ncraal  stresses  can  be 
built  up  to  the  level  peraissible,  in  particular,  in  root  section 
with  a def iciency/ lack  in  the  ribs  (see  Fig.  4 and  5). 
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With  an  incraase  in  the  nuaber  of  ribs,  the  ainiaua  of  function 
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is  shift/sheared  Into  the  end  region  of  wing,  which  attests  to  the 
fact  that  in  end  zone  are  realized  higher  ncraal  stresses  (see  Fig 
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5).  During  approach/appro xiaat  ion  f(N,  z/L)  to  unity  in  absolute 
value  the  level  of  acting  in  panels  normal  stresses  is  equalized  on 
spread/scope  and  construction  is  close  to  uniformly  strong,  but  this 
distribution  of  ribs  does  not  correspond  to  the  constructi on,  optiaua 
for  weight. 

Vith  the  insufficient  and  optiaua  number  of  ribs,  it  is  required 
so  that  the  type  of  panels  would  provide  high  value  factor  of  fora 
l*p(,r).  *pill„|  for  all  extent/elongation  of  wing,  with  the 
•xception/eliainat ion  of  its  end.  Of  the  abundant  nuaber  of  ribs,  the 
factor  of  the  foci  of  panel  (12)  can  be  decreased. 

Pig.  3,  shows  that  the  construction  with  the  abundant  nuaber  of 
ribs  is  aore  preferable,  frca  the  point  of  weight,  construction  with 
the  nuaber  of  ribs  smaller  than  optiaua.  If  the  nuaber  of  ribs  is 
selected  by  close  to  optiaua,  then  the  weight  of  the  structure  of 
caisson  with  the  optiaua  space  of  ribs  is  smaller  than  the  structural 
weiqht  with  the  constant  space  of  ribs  with  their  the  saae  number  of 
altogether  only  to  2- 3o/o.  This  occurs  because  the  weight  of 
longitudinal  asseably,  decreased  as  a result  of  the 
approach/approx iaa t ion  of  ccnstructicn  to  uniforn  strength  on 
spread/scope,  aust  be  suaaarized  with  weight  continually  of  the 
increasing  nuaber  of  supplementary  ribs. 


to  30-40o/o  of  spread/scope  of  wing  are  superimposed  the  limitations 
to  the  position  of  ribs;  therefore  in  each  specific  case  it  is 
necessary  to  evaLuate,  is  sufficient  gain  in  weight,  so  that  it  would 
cost  to  coaplicate  the  construction,  transfer/converting  to  the 
variable  space  of  ribs,  or  it  is  possible  tc  stop  at  the  selection  of 
rational  constant  space. 

tet  us  note  that  the  given  results  and  derivations  are  obtained 
for  concrete/speci f ic/actual  wing  construction  with  the  following 
basic  parameters:  L = of  5.9  a,  /V J Sooo  f/a*.  The  calculat  ion  of 
other  constructions  can  lead  to  the  derivations,  which  differ 
somewhat  from  those  presented. 

The  author  expresses  appreciation  to  V.  H.  frolov  for  the 
valuable  recoaneniations,  obtained  during  the  execution  of  work. 
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EXPERIENCE  IN  SIMULATION  OF 
HIND  TUNNELS. 

A.  N.  Lugovtsov,  3.  PI.  Foai 


AUTO-OSCILLATIONS  OF  TALL  STRUCTURES  IN 
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tendency  to  construct  the  very  high  constructions,  possessing  often 
great  flexibility  and  the  lav  value  of  structural  oscillation 
damping. 

j I . 

The  action  of  the  wind  can  be  presented  in  the  fora  of  the 
coabination  of  the  static  and  dynaaic  leads  of  construction  [ 1 ]. 

Dynaaic  effect  can  be  divided  into  the  gust  effect  and  pressure 
fluctuation  in  trace  froa  adjacent  structures  (forceu  oscillation) 
and  the  separation  effect  of  flow  froa  the  surface  of  construction, 
which  leads  to  the  excitation  of  auto-oscillations.  Most  frequently 
are  observed  auto- osci  nations  froa  vortex/eddy  excitation  (wind 
resonance)  and  aut  o-oscil  lation  as  a result  of  aeroelastic 
instability  (galloping  and  stalled  flutter). 

However,,  until  now,  there  are  no  calculation  methods,  which 
aake  it  possible  with  sufficient  reliability  to  dateraine  the 
critical  speeds  of  auto-oscillations  and  to  obtain  the  values  of  the 
amplitudes  of  Uniting  cycles;  therefore  for  the  investigation  of  the 
character  of  auto- osci 1 laticns  in  the  majority  of  the  cases,  they 
resort  to  testing  of  the  aeroelastic  models  of  construction  in  wind 
tunnels. 

During  the  sinulation  of  the  dynamic  phenomena  of  aecoelasticity 
which  include  the  auto-oscillations  cf  constructions  in  airflow,  it 


DOC  * 78067912 


PAGE 

is  necessary  to  tia  intain/w  ithstand  the  siailarity  of  aerodynamic 
flows  and  the  similarity  of  the  characteristics  of  construction.,  For 
this,  the  model,  first  of  all,  must  be  geometrically  similar  to 
nature,  i.  e.  , exterior  forms  of  model  in  all  basic  parts  must  be 
similar  to  the  form  of  prototype.  It  is  necessary  to  also  observe  the 
identity  of  the  direction  of  the  incident  flow  (angles  of  attack  and 
downwash)  and  to  maintain  similarity  criterion  according  to  Nach 
numbers.  Re  and  y.  Nach  number  characterizes  change  air  dansity 
because  of  comprassibi lity.  At  wind  velocities  to  50-60  m/s  this 
change  can  be  disregarded;  therefore  model  tests  can  be  carried  out 
with  any,  sufficiently  small  Nach  number. 


Page  152. 


During  model  tests  of  construction  constructions,  it  is  very 
important  to  observe  a similar  to  nature  boundary-layer  development, 
since  the  state  of  boundary  layer  determines  character  and  the  place 
of  flow  separation  from  body  surface.  The  forms  of  the  bodies, 
investigated  in  industrial  aerodynamics,  are  usually  such,  that  from 
their  surface  occurs  flow  separation.  These  disruption/separations 
must  be  reproduced  on  test  models  as  possible  more  closely  to  nature. 
The  siailarity  of  boundary  layers  is  provided,  when  Reynolds  numbers 
for  nature  and  model  are  equal  to; 
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construction  in  airflow,  must  be  preserved  the  ratio  of  wavelength  to 
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linear  dimensions  and  is  maintained  equality  the  relations  of  elastic 
and  aerodynamic  forces-  This  is  realized  with  equality  for  nature  and 
the  model  nf  strouhal  numbers  Sh,  of  Cauchy  Ca*  and  of  number  p: 


Sh„  = 


/it 


SliM 


Ca„  — 


</?/)„ 

f»  V'idi 


Ca’ 


/m 

K ; 
(/:/)« 

; ?uvUi 


y a 
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where  f - frequency;  El  - rigidity  of  structure;  p - air  density;  m - 
mass  of  construction. 


Experiment  shows  [2]  that  the  character  of  the  auto-oscillations 
of  construction,  caused  by  the  action  of  the  wind,  can  qualitatively 
change  depending  on  the  value  of  structural  attenuation, 
characterized  by  the  logarithmic  decrement  of  fluctuations  6. 
Therefore  it  is  nscessary  to  approach  that  so  that  the  decrements  of 
the  fluctuations  of  nature  and  model  would  be  identical.  However,  to 
determine  value  6 of  nature  is  possible  only  after  the  erection  of 
construction,  anl  in  connection  with  this  during  model  tests  it  is 
completely  desirable  to  vary  value  6 with  the  fact  in  order  to  have  a 
dependence  of  characteristics  of  fluctuations  cn  this  parameter. 


flodel  tests  can  solve  a question  not  only  concerning  the 
character  of  fluctuations  and  the  value  of  the  appearing  in  this  case 
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dynaaic  torque/moaents,  but  also  concerning  the  stresses  in  the 
elements  of  construction.  For  this,  the  aodel  must  be  to  structurally 
siailar  nature,  i.  e. , repeat  all  the  basic  design  features  of 
construction  and  make  itself  froa  the  sane  aaterials.  Simultaneous 
satisfaction  to  the  conditions  of  similarity  Re,  Sh,  Ca*  and  m is 
impossible  in  ducts  with  the  open  test  section;  in  these  cases  it  is 
necessary  to  carry  out  model  tests  in  wind  tunnel  with  the  increased 
density  of  working  medium.  Without  dwelling  in  detail  on  the  special 
feature/peculiarities  of  simulation  in  ducts  with  the  increased 
density,  let  us  note  only  that  and  in  this  case  appears  a series  of 
difficulties  during  the  execution  of  the  model,  which  corresponds  to 
similarity  conditions,  and  it  proves  to  be  necessary  to  apply  the 
special  methods  of  simulation. 

Rost  frequently  is  applied  the  principle  of  the  approximate 
simulation  with  failure  of  the  observance  of  some  conditions  of 
simila  rity. 

Page  153. 

With  failure  of  the  observance  of  some  criteria,  their  effect 
can  be  corrected  by  the  introduction  of  corrections.  In  the  practice 
of  aviation  investigations,  the  methods  of  the  introduction  of  such 
corrections  in  many  instances  are  developed  in  sufficient  detail. 
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while  in  industrial  aerodynamics  of  this  experiment,  it  is  much  less 

m- 


In  this  sense  a definite  interest  represents  that  experiment 
which  is  realized  during  wi  rd  tunnel  tests  of  the  models  a f high 
obelisks  - pedestal,  sword,  bayonet  and  Stella.  General  view  and  the 
basic  dimensions  of  these  obelisks  are  given  to  Fig.  1.  They  all  have 
great  lengthening,  i. e. , the  high  value  of  the  ratio  of 
height/alt  it.ude  to  characteristic  transverse  dimension,  a small 
structural  attenuation  (small  6)  and  bluff  forms  of  cross  section. 

The  low  values  of  structural  attenuation  are  explained  by  the  fact 
that  these  constructions  are  made  made  of  steel,  and  as  the  basic 
method  of  the  connections  of  cell/elements,  is  used  welding.  The 
forms  of  cross  sections  are  such,  that  from  them  occurs  flow 
separation  with  the  tormaticn/education  of  the  eddy/vortices  which 
can  lead  to  the  au to- osci 1 lat i ons  of  construction,  called  wind 
resonance;  furthermore,  the  aerodynamic  forces,  which  act  on  such 
airfoil/profiles,  depend  on  the  direction  of  the  incident  flow,  i.e., 
on  angle  of  attack  a.  For  the  a ir  f oi  1/ prof  iles  of  the  mentioned 
obelisks,  there  are  ranges  of  angles  of  attack  in  which  it  is 
possible  to  expect  the  emergence  of  galloping.  Those  facts  forced 
with  thoroughness  to  match  up  the  study  of  the  character  of  the 
fluctuations  of  obelisks  in  airflow  by  testing  their  models  in  wind 


tunnels. 
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Most  schematic  was  the  aodel  of  pedestal,  representing  by  itself 
the  tetrahedral  frustua  with  a height/altitude  approxi aa tely  2 a with 
a Iter  nat  ing/variable  section  in  the  fora  of  trapezoid;  the  thickness 
of  the  walls,  prepared  from  steel,  1 aa.  The  tasic  geoaetric 
diaensions  of  pedestal  were  reproduced  to  scale  1:20.  Unlike  nature, 
internal  structural  cell/eleaents  - the  diaphraga  of  staircase  and  so 
forth  - of  aodel  were  not  made.  Siailarly,  according  to  nuabers  Ca*, 

\ Re  and  p was  not  aaintain/withstood,  it  is  possible  to  speak  only 

about  the  observance  of  siailarity  according  to  nuaber  Sh. 


The  frequency  of  the  natural  flexural  vibrations  of  aodel  on  the 
first  tone  was  equal  to  21  Hz,  and  to  number  SH  = 0.14-0.15, 
characteristic  far  the  wind  resonance  of  constructions  with  square 
and  the  close  to  it  forms  of  sections,  it  had  to  correspond  to  the 
velocity  of  flow  V 3 of  25-26  a/s.  It  is  real/actual,  with  v = of  26 
a/s  (nuaber  Sh  = 0.14)  is  visible  clearly  expressed  it  is  by  no  the 
aaplitude  of  oscillations  (Fig.  2),  which,  obviously,  corresponds  to 
wind  resonance. 
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Pig.  1. 


Key:  (1).  Pedestal.  (2).  Sword.  (3).  Bayonet.  (9).  Stella. 


Page  154. 


With  an  increase  in  the  velocity  of  the  flow  of  the  amplitude  of 
these  stable  intense  oscillations,  somewhat  they  decrease,  and  then 
again  grow/rise.  It  is  probable  that  the  repeated  rapid  increase  of 
amplitudes  is  connected  with  galloping.  As  a result  of  testings,  it 
was  establish/installed  that  the  intense  auto-oscillations  of  model 
appear  only  in  two  comparatively  narrow  ranges  of  angles  of  attack 
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(Fig.  2). 

The  detailed  study  of  oscillations  was  carried  out  during 
testings  two  small  and  large  of  the  Models  of  sword.  The  first  snail 
■odel  it  was  possible  to  fulfill  dynamically  similar  natuce;  however, 
the  rigid  characteristics  of  this  model  r enaer/showed  understated,  in 
connection  with  which  was  not  maintained  the  similarity  in  the 
natural  frequencies  of  oscillation  (Shu<  sii„)  and  according  to 

numbers  Ca*.  Similarity  according  to  numbers  p and  Re  was  observed. 
Last/latter  criterion  it  was  possible  to  maintain  because  of  the  fact 
that  model  tests  were  conducted  in  wind  tunnel  with  the  increased 
density  of  working  medium  (ait). 

For  a model  were  selected  the  following  three  basic  scales: 

tp  *=  Pm/Ph  ” ** 

linear  dimensions  kL  -=/.„/£„  i/io;  the  densities  of  working  medium  a 

and  the  moduli  of  elasticity  of  material  **  AVtf«-=  i (nature  and 
model  were  made  made  of  steel).  Remaining  scales  taking  into  account 
similarity  from  Re  numbers,  Sh  and  p were  determined  through  basic. 
For  example,  the  scale  of  the  velocities  of  flow  -=2,  linear 
masses  k,„^  1,20.  fr » guencies  k,  ^ 20.  The  frequency  of  the  natural 
flexural  vibrations  of  model  in  the  direction  of  a small  diagonal  of 
rhomb  render/showed  equal  to  18  Hz,  i.e.,  approximately  1.5  tines  it 
is  less  than  it  would  fellow  the  scale  of  frequencies.  Decrement  of 
the  natural  flexural  vibrations  of  the  first  tene  6 * 0.05. 


. 
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small  diagonal  of  rhomb  appeared  with  velocities  of  flow  V = of  16-18 
■/s  (number  Sh  jc  3.15).  Oscillations  occur  without  deep  play  (Fig. 

4),  frequency  and  form  correspond  to  frequency  and  the  form  of  the 
natural  oscillations  of  the  first  tone.  These  auto-oscillations  - of 
wind  resonance  when  the  frequency  of  the  forming  after  body 
eddy/vortices  is  close  to  frequency  of  its  natural.  It  is  completely 
important  that  the  wind  resonance  in  this  case  was  observed  with 
full-scale  Reynolds  numbers  (Re  « 1.05«104). 


The  second  small  model  had  the  same  graphic  scale  = i/io,  but 
was  tested  at  normal  air  density  (*p=i).  In  this  case,  was  maintained 
the  similarity  according  to  numbers  Sh,  Ca*  and  p,  but  Re  numbers 
were  10  times  les3  than  full-scale. 

In  connection  with  this  let  us  pause  at  the  results,  which 
characterize  the  effect  of  Re  number.  It  was  above  noted  that  for 
airfoil/profiles  with  points  of  inflection,  which  include  the  cross 
section  profiles  of  all  investigated  by  us  obelisks,  is  not  observed 
critical  region  of  reynclds  number,  connected  with  the  transition  of 
laminar  boundary  layer  into  turbulent;  does  not  in  effect  depend  on 
Re  number  the  character  of  the  auto-osc il latiops  of  the 
constructions,  which  have  sharp  flank  edges. 
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Pig.  2. 


Key:  (1).  Full-scale  measurements.  (2).  with.  13).  Model. 


Page  155. 

Pig.  3 gives  the  results  of  the  tests1  of  snail  models,  large  aodel 
and  full-scale  sword  whose  conparison  shows  that  a change  in  Re 
number  10  times  does  not  in  practice  affect  character  and  value  of 
the  maximum  of  the  amplitudes  of  oscillaticns  in  the  presence  of  wind 


resonance. 
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FOOTNOTE  *.  Amplitudes  are  given  in  recalculaticn  to  nature. 
Conditions/node  af  the  testings  a = 0.  EN D FCOT NOTE. 

Hence  it  is  possible  to  draw  a conclusion  about  the  self -similarity 
of  this  phenomenon  according  to  Re  number  for  constructions  with  the 
cross  section  profiles,  which  have  points  of  inflection.  The 
possibility  of  nonobservance  in  these  cases  of  similarity  according 
to  Re  number  considerably  facilitates  the  problem  of  developing  of 
models  and  conducting  their  testings  (there  is  no  need  for  utilizing 
ducts  with  the  increased  air  pressure)  . 

On  the  small  models  of  sword,  were  not  sufficiently  accurately 
modelled  some  most  important  characteristics  of  nature.  It  was  not 
impossible  to  also  thoroughly  test  on  it  and  the  effectiveness  of 
means  the  extinguishing  of  auto-oscillations.  In  connection  with  this 
it  was  solved  to  prepare  a con st ru ct ionally/st ructural ly-such/simi la r 
to  nature  model  of  sword  to  scale  1:2.5  and  to  test  it  in  large 
industrial  wind  tunnel.  This  model  in  the  form  of  the  frustum  with 
rhombic  cross  section  represents  by  itself  shell  of  supporting  steel 
sheathing  whose  thickness  gradually  was  changed  on  the 
height/altitude  of  model;  sheathing/skin  was  welded  to  the 
longitudinal  carrying  belt/zones  whose  thickness  was  changed  from  7 
mm  below  to  4 am  above  of  model.  Were  establish/installed  also  the 
diaphragms  and  the  stiffening  ribs,  ensuring  the  stability  of 


construction.  For  the  investigation  of  the  effect  of  structural 
attenuation  on  tha  character  of  auto-oscil lat icns,  was  provided  for 
the  installation  within  the  Model  of  the  daaping  device,  consisting 
of  aass,  air  piston  dampers  and  the  springs,  connected  both  with  the 
■ass  and  with  the  shell  of  model.  The  value  of  attenuation  could  vary 
itself  because  of  a change  in  air  gap  between  piston  and  cylinder  of 
damper.  For  this  aodel  the  similarity  according  to  numbers  sh,  Ca* 
and  p is  made  when  *,  i automatically.  The  velocity  of  flow  in 
wind  tunnel  corresponded  to  full-scale  wind  velocities.  Ra  number  for 
a model  was  2.5  times  less  than  in  nature. 


1 

i 


Frequencies  ind  the  forms  of  the  natural  flexural  vibrations  of 
model  were  obtainad  by  conducting  special  resonance  testings.  The 
frequencies  of  tha  first  and  second  tones  of  flexural  vibrations  in 
the  direction  of  a small  diagonal  of  rhcmb  comprised  with  respect  to 
3.2  and  14.8  Hz,  but  for  the  first  tone  of  oscillations  in  the 
direction  of  the  large  diagcna 1 of  rhomb  3.6  Hz.  For  the  first  tone 
decrement  5 ? 0.035. 
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Fig-  4. 


Key:  (1).  Displacement  of  apex/vertex.  (2).  Strain  of  basis/base 
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flodel  tests  in  wind  tunnel  were  carried  out  at  the  velocities  of  flow 
V = of  7.5-30  m/s  in  different  directions  of  the  incident  in  model 
flow  (at  different  angles  of  attach  a relative  to  larger  diagonal)  . 
The  greatest  amplitudes  of  oscillations  in  the  direction  of  a small 
diagonal  of  rhomb  were  observed  at  a = 0 and  180°.  The  sharply 
pronounced  maximum  of  amplitudes  is  obtained  with  V = of  10  m/s.  At 
these  angles  of  attach  and  at  this  velocity  of  flow  the  model 
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accomplished  stable  very  intense  oscillations  across  flow  with  the 
frequency  and  the  form,  corresponding  to  the  first  tone  of  natural 
oscillations.  During  this  cond itio ns/mode  number  Sh  = 0.15. 

Since  the  flow  in  wind  tunnel  was  '•smooth",  i.e.,  without 
pulsations  and  gusts,  but  amplitude  and  freguency  they  were 
determined  by  the  parameters  of  most  oscillatory  system,  these 
oscillations  one  should  relate  to  auto-oscillations. 


The  character  of  amplitude  change  in  velocity,  truth,  the 
typical  for  this  conditions/mode  value  of  number  Sh  = 0. 15  attest  to 
the  fact  that  these  auto-oscil laticns  the  essence  is  wind  resonance. 

The  greatest  measured  during  testings  dynamic  stresses  * > of 
daN/*m*  significantly  exceed  the  stresses,  permissible  according  to 
the  conditions  of  fatigue  structural  strength  («  = 1-1.5  daN/mm*)  , 
and  therefore  the  decrease  of  the  intensity  of  the  auto- oscillations 
of  sword  render/showed  completely  necessary. 

As  one  of  the  means  the  extinguishing  of  auto-oscillations,  was 
utilized  damping  device  indicated  above.  The  selection  of  its 
parameters  was  carried  out  by  calculations,  and  the  final  testing  of 
its  effectiveness  was  realize/accomplished  by  model  tests  with 
damping  device.  As  a result  were  selected  the  parameters  of  the 
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device,  which  iade  it  possible  to  increase  the  decrement  of  the 
natural  oscillations  of  the  first  tone  more  than  four  times  (with  a = 
0.035  to  6 = 0.15)  . Under  conditions  of  the  most  intense 
oscillations,  tha  damping  device  decreases  the  amplitudes  of 
o dilations  5-8  times  (Fig.  5),  moreover  dynamic  stresses  were  less 
than  0.5  daN/mm*  [4]. 

Another  tested  means  a reduction  in  the  intensity  of 
auto-oscillations  were  the  through  slit-shaped  channels  (sluices), 
gashed  near  longitudinal  carrying  belt/zones  (Fig.  6).  These  channels 
change  the  character  of  the  flew  around  construction,  decreasing  the 
intensity  of  the  broken  away  from  it  eddy/vortices.  The  amplitudes  of 
the  auto-oscillations  of  model  with  slit-shaped  channels  were  lowered 
in  the  most  dangerous  conditions/modes  more  than  two  times  [5], 

The  comparison  of  the  results  of  the  tests  of  small  and  large  of 
models  with  the  results  of  measuring  the  oscillations  of  full-scale 
sword  shows  that  and  on  the  zones  of  the  most  dangerous  angles  of 
attack,  and  in  the  values  of  the  critical  speeds  of  flow,  and  in  the 
values  of  the  amplitudes  of  auto-oscil lat ic ns  and  appearing  in 
construction  dynaaic  stresses,  and  according  to  the  evaluation  of  ♦in- 
effectiveness of  means  the  extinguishing  of  a u to-oscil la ti ons  1 
obtained  their  very  satisfactory  conformity  to  each  other.  For 
example,  before  application/use  on  the  full-scale  sword  of  »• 
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extinguishing  of  oscillations  nost  dangerous  sere  wind  velocities 
8-12  a/s  and  in  its  aost  adverse  directions  of  the  aaplitude  of 
oscillations  of  the  apex/vertex  of  sword  they  reached  ISO  aa.  On 
testings  of  large  aodel#  the  critical  speed  of  wind  resonance 
reader/showed  10  a/h,  and  the  aaxiaua  aeasured  aaplitude  of 
oscillations  was  55  an,  which  in  recalculation  to  nature  gives  the 
aaplitude  approxiaately  140  aa. 
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Fig-  5. 

(1) . initial  version.  (2).  version  with  sluices.  (3).  with  dan  per. 

Page  157. 

Bxperieent,  obtained  daring  the  investigation  of  the 
auto-oscillations  of  sword,  it  was  used  for  the  design  of  a 
bayonet-obelisk  for  the  neaorial  conplex  of  Brest  strength. 
Bayonet-obelisk  is  a vertically  arrangcd/lpcated  welded  construction 
aade  of  steel.  Its  height/altitude  100  a,  cross  section  takes  the 
forn  of  astroid  with  the  blunt  angles.  In  initial  version  the  ratio 
of  its  height/altitude  to  the  diagonal  of  average  cross  section  was 
accepted  equal  to  30.  Structurally  bayonet  it  was  possible  to  fulfill 
in  the  fora  of  carrying  conical  duct  with  the  welded-on  to  it  outside 
four  T-shaped  stiffening  ribs.  Through  every  6 n were  provided  for 
the  transverse  septa.  To  T-shaped  fin/edges  is  fastened  the  setal 
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covering,  which  creates  the  external  enclosures  of  bayonet.  Since  the 
bayonet  was  designed  as  all-weldad  steel  ccnstruction,  it  was  to  be 
expected  that  the  value  of  structural  attenuation  will  render/show 
snail  (6  < 0.05).  At  the  sane  tine  the  fora  of  cross  section  and  the 
size/diaensions  of  construction  are  such,  which  one  ought  not  to  have 
feared  the  onset  of  its  intense  oscillations  at  wind  velocities,  real 
for  the  wind  area  in  which  was  arrange/located  Brest,  in  connection 
with  this  were  carried  out  the  wind  tunnel  tests  of  a 
constructionally/structurally-such/sinilar  aodel,  made  to  scale  1:10. 
Model  was  geoaetrically  sinilar  to  nature,  was  observed  also 
siailarity  according  to  nuabers  Sh,  Ca*  and  p.  Sinilarity  according 
to  Be  nunber  could  not  be  aaintained.  Scale  factors,  froa  which  were 
deterained  all  tha  characteristics  of  nodel,  were  following:  linear 
k/  — i/io;  velocities  air  density  *p  = i;  hardnesses  *e/=io-«; 

linear  aasses  *«  = io  *;  frequencies  kf  — jo.  Bodel  had  frequency  of 
natural  flexural  vibrations  of  the  first  tone  ft  = of  2.8  Hz;  the 
second  tone  fz  = of  15.4  Hz;  the  logarithaic  decrenent  of  the 
oscillations  of  the  first  tone  6 = 0.02. 

Testings  showed  that  in  the  range  of  the  velocities  of  flow  fron 
7 to  20  m/s  of  oscillation  they  occur  with  frequency  and  fora  of  the 
first  tone,  but  at  high  velocities  on  these  oscillations,  are 
superiaposed  oscillations  with  frequency  and  fora  of  the  second  tone. 

Voted  powerful  effect  of  eagle  of  attack:  at  a * 35*  and  55*  vith  an 
increase  in  flutter  speed  they  becaae  so  iatease  that  tasting. 
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